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1. Porphyrins and phthalocyanines 
Porphyrins are cyclic compounds composed of four pyrrole units linked through 
methylene bridges, as depicted in Figure 1-1a. The central ring is highly symmetrical and 
planar, and has a conjugated 18 electron system, being, therefore, aromatic according to 
the 4n+2 Hückel’s rule. Porphyrins are also naturally occurring molecules, with indispensable 
functions in biological systems, such as oxygen transport in hemoglobin (heme porphyrin). 
The possibility of structural modification by insertion of functional groups to the meso and 
carbons has prompted the synthesis of a variety of porphyrins with different properties, 
which have been applied to fields ranging from medicine (photodynamic therapy, PDT)
[1]
 to 
molecular electronics (dye-sensitized solar cells, DSSC).
[2]
  
Phthalocyanines (Pcs), on the other hand, are artificial pigments discovered accidentally 
as a byproduct of the reaction between phthalimide and acetic acid for the preparation of 
ortho-cyanobenzamide in 1907.
[3]
 The Pc structure was elucidated by Linstead in 1934
[4]
 and 
consists of a porphyrin ring having phenyl groups fused to the pyrrole units, and nitrogen 
atoms replacing the meso-carbons (Figure 1-1c). The application of Pcs as industrial 
colorants in 1935
[5]
 was motivated by their deep blue/green color and high stability. Up to 
date, with extensive exploration of the ring’s versatility and ability to coordinate to numerous 
ions, a variety of Pcs with different functions have been obtained and used in high technology 
fields such as xerography, catalysis, electrochromic displays, optical discs, sensors, nonlinear 
optical materials, photovoltaic devices, probes for bioimaging and photosensitizers.
[5–7]
 
In the following sections, the unique electronic structure of porphyrinoids will be briefly 
discussed and correlated with their absorption, emission and aggregation properties, in order 
to explain their wide applicability and extensive research in the last decades.  
 
Figure 1-1: Chemical structure of the porphyrin (a), tetraazaporphyrin (b) and phthalocyanine 
(c) ligands.   




2. Electronic structure 
The most interesting and important properties of porphyrinoids arise from their 
conjugated system, and considerable effort has been made for developing models that 
could account for such electronic properties. Gouterman’s “four-orbital” model is a firmly 
established model which treats the porphyrin ring as a 16 atom 18 electron cyclic polyene 
with D16h symmetry. In the ground state, the electrons are distributed in orbitals with 
magnetic quantum numbers () of 0, ±1, ±2, ±3, ±4, while the lowest excited states consists 
of orbitals with  = ±5, as depicted in Figure 1-2. Upon excitation, transitions with ML = ±1 
are allowed, generating the strong B (or Soret) band responsible for the porphyrin’s deep 
color, while transitions with ML = ±9 are forbidden and responsible for the low intensity Q 
bands in the spectrum.
[8]
  
Substitution of the meso-carbons by nitrogen atoms in the porphyrin ring breaks the 
degeneracy of the HOMO orbitals, red-shifting the Q band and also increasing its absorption 
coefficient in the resulting tetraazaporphyrins (TAPs). In the case of Pcs, the extension 
through fusion of benzene rings further lifts the degeneracy of the a1u and a2u orbitals, which 
blue-shifts the Soret band, red-shifts and significantly increase the absorption coefficient of 






. The LUMO levels of these macrocycles, on the other 
hand, are degenerate in their metal complexes while they split for the free-base ligands due to 
the symmetry decrease from D4h to D2h. As a result, free-base TAPs and Pcs show two 
intense Q bands versus one for the metal complexes, which makes UV-vis absorption 
spectroscopy a convenient tool for the monitoring of metalation/demetalation reactions. The 
typical absorption spectra of free-base porphyrins, TAPs and Pcs are shown in Figure 1-3.    
 
Figure 1-2: Molecular orbital diagram for an ideal 16 atom 18 electron cyclic polyene with 
D16h symmetry (left) and for a metallophthalocyanine (MPc) with D4h symmetry (right).  




Figure 1-3: Absorption spectra of typical free-base porphyrin (a), tetraazaporphyrin (b) and 
phthalocyanine (c) in solution. Data taken from refs. 
[9,10]
    
 
3. Fluorescence properties 
In addition to the strong light absorption in the UV-vis region, justifying their use in dyes, 
optical filters and solar cells, Pcs and related compounds can show strong fluorescence and/or 
phosphorescence which further expand their utilization to fields as biooptics, sensing and 
cancer therapy. In this way, it is important to stress some photophysical properties of Pcs and 
TAPs, which fall within the scope of this work. 
Pcs fluorescence is originated from the relaxation of the first excited state to the ground 
state (eg  a1u) with emission bands appearing in the NIR-region of the spectra. Small Stokes 
shifts is also characteristic of these bands since low atomic reorganization occurs upon 
photoexcitation of the rigid macrocycle. The fluorescence quantum yields (F) of Pcs can 
vary significantly depending on the nature and position of the substituents or the central 
element coordinated to the ring. Table 1-1 shows the fluorescence parameters of some 
phthalocyanines for comparison.  
The high fluorescence quantum yields of free-base Pcs can be dramatically decreased 
with the insertion of central elements, as clearly observed in the F order H2Pc (0.7) > MgPc 
(0.6) > ZnPc (0.3) > In(Cl)Pc (0.031).
[11–13]
 Metals with high atomic number (known as 
“heavy metals”) usually quench the macrocycle’s fluorescence by enhancing intersystem 
crossing (ISC) via spin-orbit coupling (SOC), explaining the low fluorescence intensity for 
In(Cl)Pc. In addition, Pc complexes with open-shell transition metals such as cobalt, nickel 
and iron, show no luminescence when the unoccupied d orbitals of the metal lie between the 
Pc HOMO and LUMO levels, providing radiationless pathway to the ground state.
[3]
 The 
nature of the substituents is also important for strong fluorescence as seen for compounds 
containing t-butyl or n-butoxy groups (F = 0.85 and 0.49, respectively).
[14,15]
 The higher 




electron-donating ability of the butoxy group compared to butyl slightly destabilizes the 
HOMO level of the Pc, shifting the absorption/emission bands to the red. This effect is even 
more pronounced when substitution takes place in the positions of the benzene ring, due to 
the higher distribution of the HOMO electron density in this position, and is illustrated by the 
decrease of the F seen for -(n-butoxy)4 (710 nm, 0.49) and -(n-butoxy)4 (728 nm, 0.07) 
substituted Pcs.
[15]
 This kind of feature has been explored by our group for the design of 




Table 1-1: Fluorescence parameters of free-base and metallophthalocyanines in solution. 
Central element Substituent Solvent em / nm F
b 
H2  1-CN 700 0.7
[11]
 
Mg  1-CN 683 0.6
[12]
 
Zn  1-CN 683 0.3
[12]
 
In/Cl  1-CN  0.031
[13]
 
H2 -(t-butyl)4 THF 703 0.85
[14]
 
H2 -(n-butoxy)4 THF 710 0.49
[15]
 





 1-chloronaphthalene (1-CN). 
b
 Absolute fluorescence quantum yields.    
The emission properties of tetraazaporphyrins can differ significantly from their 
phthalocyanine analogues. In addition to the emission observed from the first singlet excited 
state (
1
S1) near the Q band, fluorescence in the visible region apparently originating from the 




S0) was observed for some TAPs.
[17,18]
 In 
addition, the electronic properties of azaporphyrins are more susceptible to changes in the 
nature of the substituents, since substitution occurs directly onto the pyrrol units, which 
participate in the conjugated system. This can be observed in the F values of the 
unsubstituted H2TAP (0.12)
[19]
 and the tetrasubstituted H2(t-butyl)4TAP (0.011)
[20] 
in toluene 
and benzene, respectively. With the exception of only a few studies reporting TAPs with 
absolute fluorescence quantum yields exceeding 0.40,
[19,21]
 most alkyl and aryl substituted 
TAPs show weak emission in solution (F < 0.1).
[17,20]
 Annulation of heterocycles such as 
thiadiazole, diazepine and pyrazine to the porphyrazine ring was found to enhance the 
macrocycle emission efficiency, however, depending on the nature of the heteroatom and 
final symmetry of the TAP the fluorescence can be further quenched (Figure 1-4).
[22–28]
       





Figure 1-4: Molecular structure and fluorescence quantum yields of representative 
octaphenyl
[20]




 (c) and thiadiazole
[23]
 (d) fused TAPs.    
 
4. Aggregation behavior 
The electronic properties discussed above can be rationalized mainly for Pcs and TAPs in 
the monomeric state. However, under various circumstances, the macrocycles can strongly 
interact with each other forming aggregates that can vary from dimers, trimers and tetramers 
to higher-order polymers. These kinds of aggregation processes lead to changes in both their 
physical and chemical properties, and therefore, correlating the structural and chemical 
features that enhance or disfavor aggregation is essential for achieving Pcs and TAPs with 
high performance for different applications.
[29]
     
The highly symmetric, planar and hydrophobic ring is responsible for the strong 
aggregation tendency observed for some porphyrinoids, especially in polar solutions. Since 
Pcs have expanded structures due to their benzo-fused rings, they often show higher 
aggregation tendency compared to the corresponding TAPs or porphyrins. The central metal 
ion, and size and position of the substituents also have a significant effect on the aggregation 
equilibria of these macrocycles. While platinum and palladium Pcs can form aggregates up to 
tetramers in solution
[30]
, silicon and other elements with octahedral coordination can prevent 




aggregation through occupation of both axial positions of the Pc ring, blocking cofacial 
interactions.
[31,32]
 The same result is observed when bulky substituent groups are attached to 
the peripheral positions of the macrocycle such as for dendritic Pcs
[33]





 Ionic substituents, on the other hand, greatly promote Pc 
aggregation by increasing its solubility in aqueous media. Due to their potential use for 







 on the aggregation equilibrium of water soluble Pcs, especially 
those containing carboxyl (COO
-
) and sulfonic (SO3
-
) groups. 
In solution and in the solid state, most organic dyes can stack in different orientations, 
each leading to distinct spectral changes. Phthalocyanines and analogues most commonly 
aggregate in a cofacial manner, where the macrocycles adopt a “face-to-face” orientation or 
parallel (“head-to-tail”) orientation. These arrangements are clearly exemplified by the 
crown-ether and paracyclophane substituted Pcs shown in Figure 1-5, representing discrete 
models of H- and J-aggregates, respectively.
[44,45]
 The short separation between adjacent 
macrocycles in these kind of aggregates (ca. 3.3 Å)
[46]
 leads to the coupling of their transition 
dipole moments and consequent splitting of the 
1
Eu excited state into two energy levels. In the 
case where the dipole moments of both macrocycles are in parallel, the transition becomes 
strongly allowed, while for antiparallel dipole moments no net dipole change is produced 
during excitation and the transition becomes forbidden. In the “face-to-face” stack, also 
known as an H-aggregate, the higher energy transition is allowed and the Q band shows a 
hypsochromic shift. For the “head-to-tail” orientation, or J-aggregate, the transition to the 
lower energy state is allowed, and the Q band shifts bathochromically.
[5]
 The solvent can 
determine which orientation is favored over the other, as clearly seen for ZnPc(OPh)4 
which exclusively forms H-aggregates in water/DMF and J-aggregates in CHCl3 (Figure 1-
6).
[47]
 The use of pure coordinating solvents such as DMF, DMSO or pyridine, often leads to 
disaggregation of Pcs through coordination to the central metal ion. 
The clear changes in the absorption spectra of “face-to-face” and “head-to-tail” stacks of 
porphyrinoids make UV-vis absorption spectroscopy the most useful technique for a 
qualitative and sometimes quantitative analysis of their aggregation equilibrium. Other 
techniques, such as NMR, vapor pressure osmometry, calorimetry and ESR spectroscopy, 
have also been used, although, a single technique cannot give a complete picture of the 
aggregation behavior.
[29]
   




            
Figure 1-5: Simplified model for the exciton splitting of the Q band in H- and J-aggregates 
(bottom) and their representative Pcs (top) taken from references [44,45]. Allowed and 




Figure 1-6: Molecular structure of ZnPc(OPh)4 (a) and its absorption spectra in DMF, 
CHCl3 and water/DMF mixture showing the formation of H- and J-aggregates (b)
[47]
.   




In some cases, the aggregation phenomena of porphyrinoids can enhance the electronic 
properties of the individual macrocycles. As reported by Wasielewski et al., a perylene 
substituted zinc phthalocyanine can form aggregates of up to seven macrocycles in solution, 
which, upon excitation of the perylene moieties, allows ultrafast exciton migration through 
the stack.
[48]
 The increased electron conductivity was possible due to the small intermolecular 
separation and strong electronic coupling between neighboring macrocycles. Aggregation can 
also be used to control the chirality of these compounds. A crown-ether fused phthalocyanine 
substituted with chiral alkoxy chains, for example, can stack in solution to form fibers with a 
right-handed helical structure. From the interaction between two fibers, left-handed coils 
were observed, which dissociated in the presence of potassium cations to form achiral 
dimers.
[49]
 This kind of chirality control can be explored to build sensor devices for the 
detection of metal ions.  
On the other hand, aggregation can also lead to fluorescence quenching and decreased 
singlet oxygen quantum yields of porphyrinoids, representing a major drawback in their 
application field. Singlet oxygen is the main species responsible for cell destruction in anti-
bacteria and PDT procedures
[50,51]
 and for the oxidation of thiols for deodorant 
applications.
[52]
 The fluorescence of Pcs and TAPs in the NIR region is useful, for example, 
for bioimaging application because it falls within the “tissue’s optical window” (700–900 
nm), allowing analysis into deeper parts of the body with minimum interference.
[53]
 Upon 
aggregation, however, the splitting of the LUMO level generates a lower energy exciton state 
which quenches the macrocycle fluorescence through non-radiative decay.
[54]
 This 
phenomenon is known as the aggregation-caused quenching (ACQ) effect.          
       
5. Aggregation-induced emission (AIE) 
As discussed above, planar and conjugated chromophores usually show strong 
fluorescence which is quenched upon aggregation. Since these molecules are mainly used in 
the solid/aggregate state for device construction, ACQ is a negative, undesirable effect. 
However, very recently a new class of compounds was found to show the exact opposite 
behavior to most known fluorophores, exhibiting a low emission in solution, which is 
strongly enhanced upon aggregation. This phenomenon was named aggregation-induced 
emission (AIE) and, since then, the field of AIE-active compounds has been developing 
rapidly due to their potential applicability in displays, biomarkers and sensors.
[55]
            




Hexaphenylsilole (HPS) and tetraphenylethylene (TPE) are well-known examples of AIE 
luminogens (AIEgens), having in common a large number of phenyl rings in a propeller-
shaped orientation (Figure 1-7). In contrast to planar, highly conjugated chromophores, 
AIEgens show weak or no emission in solution due to free rotation of the phenyl rings, which 
induces relaxation of the excited state via a radiationless pathway. Upon aggregation, 
restriction of intramolecular rotation (RIR) occurs, opening up the radiative channel to the 
ground state. This is often demonstrated by preparing several THF solutions of the 
chromophore containing different fractions of water (fw). The mixtures with low fw are 
weakly or non-emissive, while increasing the fw results in the formation of emissive 
aggregates (Figure 1-7c).  Since the propeller-shaped distribution of the phenyl rotors hinders 
intermolecular  stacking, AIE-gens become highly emissive in the aggregate form. 
Evidence for the RIR process has been shown for HPS as a model AIEgen. In viscous 
solvents, low temperatures or high pressure, HPS showed enhanced fluorescence efficiency 












Figure 1-7: Representation of the propeller-shaped structure of HPS (a) and TPE (b) and their 
rotatable bonds. (c) THF/water mixtures of HPS evidencing its AIE effect. Illustrations taken 
from reference [55].    
 
AIEgens have also been successfully used to tune the emission properties of other 
chromophores. For example, perylene-3,4:9,10-tetracarboxylic bisimide (PBI) is a 
fluorophore which shows emission efficiencies close to unity in dilute solution, while strong 
a) b) 
c) 




fluorescence quenching is observed in the solid state. However, upon modification of PBI 
with TPE units (Figure 1-8a), Zhao and co-workers showed that the perylene emission was 
completely quenched in solution, while a 267-fold increase in its F value was observed upon 
aggregation.
[58]
 This is a clear case in which the ACQ property of a chromophore was 
transformed into AIE behavior by structural modification with AIEgens. Similar phenomena 


















Figure 1-8: Molecular structure of perylene-3,4:9,10-tetracarboxylic bisimide (a) and 
BODIPYs (b,c) linked to TPE groups.
[58–60]
 The emission behavior of the ACQ-type 
chromophores (red) was converted into AIE-type by substitution with the TPE moieties 
(blue).    
 
 
Despite the valuable contributions that many researchers have made so far to the field of 
AIE-active molecules, this area is considerably new, dating only from 2001,
[61]
 and thus some 
phenomena are still not fully understood, and new molecules with improved properties are 














6. Aims of this work  
It can be inferred from the above introduction above that phthalocyanines and 
tetraazaporphyrins are highly versatile compounds with physicochemical properties that can 
be finely tuned by structural modification, e.g. peripheral substitution and metal ion 
complexation, or by intermolecular interactions resulting in “face-to-face” or “head-to-tail” 
aggregates. Such versatility is responsible for the wide range of applications found for these 
macrocycles, and thus the precise understanding of the triangular relationship between 
structural modification, aggregation and electronic properties is needed for the design of new 
molecules with improved responses for the construction of next generation devices. In this 
context, this work was divided into three sections, reported in Chapters 2, 3 and 4.            
In Chapter 2, our aim is to investigate the catalytic activity of cobalt(II) and iron(II) 
water-soluble phthalocyanines in the oxygen reduction reaction (ORR) in acidic and alkaline 
media. The effect of cationic substituents on the electrochemical behavior of the Pcs is 
investigated here for the first time, and correlated with their catalytic response.     
In Chapter 3, we study the aggregation equilibrium of a series of cationic water–soluble 
phthalocyanines and its effect on their fluorescence emission response. The designed 
chemical structure of these macrocycles allowed us to investigate the effects of the bridging 
atom, central metal ion and length of the alkyl chain on their aggregation tendency in solution. 
Finally, in Chapter 4, we focus on the photophysical properties of dinitriles and TAPs 
containing the AIE-active moieties tetraphenylethylene and diphenylphenanthrene. In the first 
half of this section our aim is to investigate the effects of intramolecular rotational freedom 
and stereoisomer nature on the AIE behavior of the dinitriles. In the second part, our 
objective is to synthesize TAPs substituted with AIE-active moieties in order to unveil the 
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Phthalocyanines bearing redox-active metals such as iron and cobalt are known to 
catalyze many important reactions. One reaction, which has received increased attention 
recently, is the oxygen reduction reaction (ORR), which consists of the reduction of 
molecular oxygen to water. This can be achieved in a single four-electron reduction step or in 
two steps of two-electron each, yielding H2O2 as intermediate. Since O2 is abundant in air and 
water is the final product, the ORR has been applied for clean energy production such as in 
air-lithium batteries and fuel cells.
[62–64]
 The efficiency of these systems is highly dependent 
on the catalytic effectiveness of the cathode towards ORR, and recently, cobalt and iron 




CoPc was reported as the first alternative cathode for noble metals,
[67]
 and nowadays its 
activity on electrode surfaces and at liquid-liquid interfaces has been studied.
[68–70]
 FePc has 
also been investigated, showing good results as a material for both oxygen and hydrogen 
peroxide operated fuel cells.
[71,72]
 Other tetrapyrrolic complexes, such as porphyrins and 
corroles, have also shown catalytic activity towards ORR. The pyrolized 
tetraphenylporphyrin of iron(II) (FeTPP) deposited on carbon black, for example, was 
reported to attain approximately half of the platinum performance for the same amount of 
metal.
[73]
 Most recently, cobalt(III) corroles were reported to catalyze the ORR at very anodic 
potentials, with increased maximum power density of the cell.
[74–76]
 
In addition to fuel cell operation, ORR is also important for microorganism growth 
control and the oxidation of molecules such as thiols which are desired for antibacterial
[77]
 
and deodorant purposes. In these cases, the introduction of substituent groups which can 
increase the Pc’s solubility in polar solvents and also bind to fibers and other substrates is 
often needed. Shirai and co-workers demonstrated the catalytic activity of di-, tetra- and 
octacarboxyphthalocyanines containing different metal centers for the oxidation of 2-
mercaptoethanol in aqueous solution. They found that the octa-substituted complexes of 
Co(II) and Fe(III) had the most remarkable catalytic effect.
[78–81]
 Although there are a 
considerable number of reports on Pcs containing negatively charged groups, only a few 
articles have so far reported the properties of the cationic species. In addition, positively 
charged Pcs shows better cell uptake from both gram positive and gram negative bacteria,
[77]
 
and hence enhanced inactivation efficiency. 




As mentioned above, since the discovery of CoPc as a potential catalyst in energy 
production systems, increased attention has been given to tetrapyrrolic complexes containing 
cobalt and iron ions, due to their increased catalytic activity towards ORR. However, much 
has yet to be explored in relation to these kinds of systems since the versatility of these 
macrocycles allows their properties to be tuned and enhanced through different ways. Thus, 
in this chapter, we report the synthesis and electronic properties of the Co(II) and Fe(II) 
tetrasubstituted phthalocyanines 1a and 1b, and their quaternized cationic derivatives, 2a and 
2b (Scheme 2-1), as well as their efficiency in the heterogeneous catalysis towards ORR. 
Ionic Pcs are known to easily form aggregates in polar solvents, which are usually 
undesirable for various applications, and hence the aggregation equilibrium of 2a and 2b was 
also investigated. Similar water soluble metalloPcs (Metal = Zn, Si, etc) containing 
quaternized pyridyl groups were already reported in the literature as potential 
photosensitizers for medical treatment,
13
 however, the corresponding cobalt and iron 




Scheme 2-1: Structural representation of the phthalocyanines studied in this work. 
 
 




1. Experimental procedure 
 
1.1. Materials and instrumentation 
All solvents and reagents were purchased from Wako Chemicals Co. and Tokyo Kasei Co. 
and were used without purification unless otherwise noted. DMF and pyridine for the 
electrochemical measurements were distilled over CaH2 and stored in molecular sieves prior 
to use. 
Electronic absorption spectra were recorded in a JASCO V-750 spectrophotometer using 
quartz cuvettes of 1 cm optical path length. MCD measurements were performed in a JASCO 
J-725 spectrodichrometer equipped with a JASCO electromagnet capable of producing 
magnetic fields of up to 1.03 Tesla with both parallel and antiparallel fields. FT-IR spectra of 
the samples dispersed in KBr pellets were measured in a JASCO (FT/IR-4100) 
spectrophotometer in the 4000-400 cm
-1
 region.  
MALDI-TOF and ESI mass spectra were recorded on a AB Sciex (4800 Plus) and JEOL 
(JMS-T100LP) models, respectively. HR-MALDI-FTICR-MS spectra were recorded in a 
Brucker Daltonics Apex-III spectrometer. 
1
H NMR spectra were obtained on a Brucker 
AVANCE 500 spectrometer and were referenced to the residual solvent as an internal 
standard.  
CV and DPV measurements were carried out using a Hokuto Denko HZ2500 potentiostat 
and an electrochemical cell containing a glassy carbon electrode (area = 0.07 cm
2
), platinum 
wire counter electrode and Ag/AgCl reference electrode. The samples solution (1.0 mmol L
-1
) 
were prepared in 3 mL of the appropriate distilled solvent, with TBAP (0.1 mol L
-1
) as 
supporting electrolyte. The solutions were degassed for 20 min with N2 prior to measurement 
and ferrocenium/ferrocene couple (Fc
+
/Fc) was used as internal standard.  For the ORR 
experiments, buffer solutions were prepared according to the procedure reported for Britton 
and Robinson
[82]
. The solutions were saturated with oxygen by bubbling air for several 
minutes prior to measurement. A GC electrode of 0.196 cm
2
 area was coated with the Pc 
samples by immersing it in the samples solution (0.25 mg/L) for five minutes, rinsing with 
the same solvent and drying in air. The measurements were done in a similar system as 
described above for CV, with the exception that the coated GC electrode was placed in a 
Hokuto Denko HR-300 rotating support for varying the rotation rates. Spectroelectrochemical 
measurements were performed in a quartz cell of 1 mm optical path length with a platinum 




grid as working electrode, platinum as counter electrode and Ag/AgCl as the reference 
electrode, using a Hokuto Denko HA-501 potentiostat. The sample and TBAP concentrations 
were set to 1.0 mmol L
-1
 and 0.3 mol L
-1
, respectively.  
 
1.2. Synthesis and characterization 
1.2.1. 3-(pyridine-3-yloxy)benzenephthalonitrile[83]  
4-Nitrophthalonitrile (4.0 mmol, 0.69 g) and 3-hydroxypyridine (6.0 mmol, 0.50 g) were 
stirred with 40 mL of dry DMSO at 90°C, while 1.0 g of K2CO3 was added every five 
minutes until eight additions had been completed. The mixture was heated for further 45 
minutes and allowed to cool to room temperature. After adding 100 mL of water, the mixture 
was extracted with CHCl3, and the organic layer was washed with Na2CO3 (5%) and dried 
over MgSO4. After solvent removal, the residue was recrystallized from methanol. Yield: 
0.65 g (74%). 
1
H NMR in CDCl3 ( ppm): 8.81-8.63 (m, 1H, Py), 8.50 (t, 1H, Py), 7.78 (d, 1H, Py),  7.45-
7.47 (m, 2H, Ar), 7.34 (d, 1H, Py), 7.30 (d, 1H, Ar). ESI-TOF-MS m/z calcd. for [2M + Na]
+
: 
465.1. Found: 465.1. 
 
1.2.2. Co(II)tetrakis(pyridine-3-yloxy)phthalocyanine (1a) [84] 
The above nitrile (0.90 mmol, 0.20 g) and Co(OAc)2 (0.25 mmol, 43 mg) were heated in 
15 mL of ethylene glycol at 200°C for 5 h. The reaction mixture was then allowed to cool to 
room temperature, poured over 30 mL of water and filtered. The dark blue solid was washed 
with water, acetone, dichloromethane and cooled methanol. Further purification was achieved 
by washing the solid with chloroform, ethyl acetate, THF and diethyl ether in a Soxhlet 
extractor for some hours. Yield: 0.16 g (74%). 
FTIR (KBr, cm
-1
): 3059 ( C–C), 1612 ( C–C), 1520, 1471 ( C–N), 1235 ( C–O), 1095, 
1058 ( C–O–C), 754, 705 ( C–H). HR-MALDI-FTICR-MS m/z calcd. for C52H28N12O4Co 
[M]
+
: 943.16830. Found: 943.16832. UV-vis (pyridine) max   ( x 10
-4
): 340 nm (5.3), 599 








1.2.3. Fe(II)tetrakis(pyridine-3-yloxy)phthalocyanine (1b) 
Synthesis and purification of 1b was performed by the same procedure described for 1a, 
instead, FeSO4 (0.025 mmol, 0.038 g) was used as the metal salt and the reaction was carried 
under nitrogen atmosphere. Yield: 0.067 g (32%). 
FTIR (KBr, cm
-1
): 3132 ( C–H), 1611 ( C–C), 1510, 1471 ( C–N), 1242 ( C–O), 1100, 
1057 ( C–O–C), 754, 668 ( C–H). 
1
H-NMR (pyridine-d5)  (ppm): 9.56-9.52 (m, 2H, Pc), 
9.42-9.38 (m, 2H, Pc), 9.26-9.16 (dd, 4H, Pc), 9.00-8.91 (dd, 4H, pyridyl),8.64-8.57 (m, 4H, 
pyridyl), 7.82-7.75 (m, 4H, Pc), 7.66-7.54 (m, 4H, pyridyl),7.36-7.28 (m, 4H, pyridyl). HR-
MALDI-TOF-MS m/z calcd. for C52H28N12O4Fe [M]
+
: 940.17005. Found: 940.17009. UV-vis 
(pyridine) max ( x 10
-4
): 340 nm (10.0), 418 nm (2.4), 597 nm (3.3), 664 nm (12.0). 
 
1.2.4. Quaternized 1a (2a)[85] 
Methylation of the pyridyl groups was achieved by heating 1a (0.16 mmol, 0.15 g) in 0.5 
mL of dried DMF to 120°C and adding a few drops of dimethyl sulfate to the mixture. The 
reaction was allowed to proceed for 12 h at 120°C. After cooling to room temperature, the 
mixture was poured into hot acetone, and the resultant solid collected by filtration and 
washed with more acetone. Further purification was achieved by successive washing in a 
Sohxlet extractor with chloroform, dichloromethane, ethyl acetate and methanol. Yield: 0.16 
g (84%).             
FTIR (KBr, cm
-1
): 3132 ( C–H), 1611 ( C–C), 1502, 1408 ( C–N), 1276, 1098 ( S–O), 
1059 ( C–O–C) 753, 674 ( C–H). HR-ESI-TOF-MS m/z Calcd. for C56H40N12O4Co [M]
4+
: 
250.81514. Found: 250.81513. 
 
1.2.5. Quaternized 1b (2b) 
1b (0.06 mmol, 0.059 g) and a few drops of dimethyl sulfate were reacted as described in 
the procedure for 2a, following the same purification steps. Yield: 0.035 g (47%). 
FTIR (KBr, cm
-1
): 3056 ( C–H), 1612 ( C–C), 1503, 1405 ( C–N), 1277, 1127 ( S–O), 
1060 ( C–O–C), 751, 672 ( C–H). 
1
H NMR in D2O ( ppm): 7.45-9.20 (m, 28H), 4.32-
4.52 (m, 12H). ESI-TOF-MS m/z calcd. for C56H40N12O4Fe [M]
4+
: 255.1. Found: 254.7. 
 




2. Results and discussion 
 
2.1. Synthesis of the phthalocyanines 
Phthalocyanines 1a and 1b could be obtained in good yields by the simple metal-template 
tetramerization reaction of the precursor phthalonitrile in ethylene glycol. 
1
H NMR signals of 
1b appeared in the same region as those observed for diamagnetic metallated Pcs, providing 
strong evidence that the oxidation state of Fe is +2. The spectrum also showed that these 
macrocycles were obtained in a mixture of isomers, but isomers separation was not attempted 
in this work. Both 1a and 1b showed excellent solubility in pyridine, poor solubility in DMF 
or DMSO and insolubility in many other organic solvents. Quaternization of the pyridyl rings 
was achieved by heating these macrocycles in a strong methylating agent such as dimethyl 
sulfate, and partially methylated co-products were not detected in the ESI mass spectra. After 
the quaternization reaction, water solubility was achieved for both cobalt and iron complexes. 
The sulfate salts of 2a and 2b were poorly soluble in DMF, however, counteranion exchange 
with sodium perchlorate produced the DMF-soluble quaternized Pcs as the perchlorate salts, 
allowing collection of the  
1
H NMR and electrochemical data. 
 
2.2. UV-vis and MCD spectra 
UV-vis absorption spectroscopy is widely used for characterization of porphyrinoids, and 
allied with the magnetic circular dichromism (MCD) technique, valuable information on the 
electronic states of these compounds can be obtained. In a MCD measurement, a magnetic 
field is applied in parallel to the light propagation axis within the sample compartment, 
resulting in a Zeeman splitting of the ground or excited degenerate states in the molecule. 
Depending on the absence or presence of degenerate states, three types of signal can be 
observed in the MCD spectra, called Faraday A, B and C terms.
[86,87]
 From these data, useful 
information on the electronic state distribution, molecular structure, spin and oxidation states 
of the central metal, and type of aggregation of the macrocycles can be obtained, additionally 
aiding band assignment in the absorption spectra.
[88–91]
 Hence, in this and the following 
chapters, MCD spectroscopy will be used as a complementary technique to discuss the 
electronic properties of the target phthalocyanine and tetraazaporphyrin ligands and their 
metal complexes.       




Figure 2-1 shows the absorption and MCD spectra of 1a and 1b in pyridine. Both 
complexes show a single intense absorption in the 600-700 nm region (Q band) which is 
typical of metalloPcs with D4h symmetry. This transition is also sensitive to aggregation and 
the absence of additional strong bands in this region indicates that these complexes are 
monomeric in pyridine solution.
[5]
 The strong absorption in the UV region (Soret or B band) 
is also characteristic of these macrocycles and, as well as for the Q band, its extinction 
coefficient value is highly dependent on the metal coordinated to the ring. This property can 
be seen in the  values of both the Soret and Q bands of 1b, which are approximately twice 
those of 1a. The absorption spectrum of the iron complex also shows an extra band at 419 nm 
which can be assigned to a charge transfer process between iron and pyridine.
[3]
 To verify the 
coordination number of the central iron, an excess of N, N-dimethyl-4-aminopyridine 
(DMAP) was added to a pyridine solution of 1b. DMAP has a higher donating number than 
pyridine and pentacoordinated species can be transformed into hexacoordinated species by its 
addition. However, the resulting spectrum was the same as the pure 1b solution, and 1b in 
pyridine is concluded to exist mostly as the hexacoordinated complex FePc(py)2. The MCD 
spectra of both 1a and 1b revealed Faraday A-terms for both the Soret and Q bands, thus 
experimentally supporting the fact that the excited state is orbitally degenerate.
[3,92,93]
 This is 
an additional evidence of the high symmetry of the metalloPc ring. 
 
2.3. Aggregation properties 
Aggregation of Pcs in aqueous solution is usually an undesirable process due to a 
resulting decrease in some of the functions required for their applications. Therefore, the 
aggregation properties of quaternized Pcs were studied in a series of water/organic solvent 
mixtures.
[94]
 Figure 2-2a shows the absorption and MCD spectra of 2a in water and methanol 
solutions (ca 8 x 10
–6
 mol/L). The absorption spectrum in methanol shows clear, single Soret 
and Q band peaks at 327 and 653 nm, respectively, while the MCD spectrum shows 
dispersion-type Faraday A-terms corresponding to both peaks, which is characteristic of 
monomeric metalloPc species. On the other hand, the absorption spectrum in water is very 
different from the spectrum in methanol, with two broad peaks appearing at 659 and 622 nm 
in the Q-band region. Phthalocyanines bearing charged substituents are well known to form 
aggregates in aqueous solution, with different arrangements depending on the structure. The 
appearance of a blue shifted absorption (622 nm) in the electronic spectrum, relative to the  





Figure 2-1: Absorption and MCD spectra of compounds (a) 1a and (b) 1b in pyridine. 
  




monomer peak (653 nm), suggests that the macrocycles are arranged in a face-to-face 
position (H-type) in the aggregate, while red-shifts are expected for head-to-head or head-to-
tail arrangements (J-type).
[95]
 With increasing content of methanol in the mixtures, there is a 
sharp increase in the monomer band absorbance (653 nm) followed by a decrease in the blue 
shifted band (622 nm), indicating dissociation of the dimer (Figure 2-2b,c). Sharp isosbestic 
points in the spectra point to the existence of a single equilibrium in solution, and thus, 
formation of higher aggregates can be ruled out. 
The intersection point between the curves of the inset plot shows that, in the mixture 
containing water/methanol in a 43/57 (v/v) ratio, 50% of the phthalocyanine molecules is 
dimerized (more detailed explanation can be found in Chapter 3). In the MCD spectrum in 
water, dimer and monomer coexist in solution and a Faraday A-term can be observed 
corresponding to the absorption peak at 622 nm, strongly suggesting that the symmetry of the 
dimer is either/or both D4h and D4d.
[96,97]
 Therefore, 2a appears to form mostly H-types 
aggregates in solution, since a J-type aggregation should result in a red shift in the absorption 
spectrum and a Faraday A-term would not be expected in the MCD spectrum. 
Further studies on the aggregation equilibrium of 2a were performed using organic 
solvents other than methanol (acetonitrile, THF, and dioxane), within a range of polarity 
values. The organic solvent percentages taken from the intersection points of each graph were 




 This plot clearly shows 
that the proportion of organic solvent needed to disaggregate the species in solution increases 
with increasing solvent polarity. This correlation is reasonable considering that the highly 
hydrophobic phthalocyanine rings tend to approach each other in polar media. 
The central element coordinated to the ring has also considerable influence over the Pc 
dimer-monomer equilibrium. Although compound 2b in water also shows the dimer and 
monomer absorptions in the spectrum at 633 and 688 nm, respectively, the proportion of each 
species was hardly affected by mixing organic solvents into the solution (Figure S2-1 in the 
supplementary data section). Thus, a different strategy was adopted to disaggregate this 
compound in solution. 
The use of cyclodextrins (CDs) for disaggregation of porphyrins and phthalocyanines in 
water has previously been previously reported.
[99,100]
 In a similar manner, addition of -CD to 
the aqueous solution of 2b disturbed the monomer-dimer equilibrium as can be seen by the 
increase of the monomer band and decrease of the dimer band absorbance (Figure 2-4a). 
However, complete disaggregation was not achieved, even with addition of large excess. 




Better results were obtained when the polymer of -CD (poly -CD) was used instead of the 
monomeric -CD, as shown by the absorption spectrum in the same plot. When different 
amounts of poly -CD were added to solutions containing the same concentration of 2b, 
maximum disaggregation was obtained with a polymer concentration of 50 mg/mL (Figure 2- 
4b). It might be reasonable to consider that the phthalocyanine pyridyl groups which are 
included in the cavities of monomeric CD rings have higher lability than those trapped in the 
CD rings composing a polymer, explaining the higher efficiency observed for the poly -CD 
for disaggregation of 2b. 
 
 
Figure 2-2: (a) Absorption and MCD spectra of 2a in pure water (black line) and pure 
methanol (blue line) solutions. (b) Absorption spectra of 2a in solutions with different 
proportions of water/methanol and (c) plot of the absorbance values of the monomer and 
dimer bands of 2a in different water/methanol mixtures.  
 
 





Figure 2-3: Absorption spectra of 2a and plots of the absorbance values of monomer and 
dimer Q bands in various water/organic solvent mixtures. (a) H2O/H3CCN, (b) H2O/THF and 
(c) H2O/dioxane. (d) Plot of relative polarity of the tested solvent mixtures in function of the 
proportion of organic solvent needed to reach equal concentration of monomer and dimer in 
solution. 




The influence of the concentration of 2a and 2b, as well as the pH of the solution, on the 
aggregation equilibrium of these compounds was also investigated. As expected, the 
proportion of dimer of both macrocycles increases with increasing concentration, reaching a 
constant value at approximately 3.0x10
-5
 M (Figure S2-2). However, the equilibrium of 2b is 
less sensitive to concentration variations since the initial increase of its dimer proportion is 
much less notable than for 2a. Differences in the aggregation behavior of these 
phthalocyanines were also found when they were dissolved in buffer solutions containing a 
range of pH values (Figure 2-5). No significant changes were observed in the absorption 
spectra of 2a in acidic media, and the compound showed stability even at low pHs. In 
alkaline solution, however, the equilibrium was displaced towards monomer formation, since 
the dimer band decreased with increasing pH. However, from pH higher than 12, the 
monomer Q band shifts to the red (669 nm) while the Soret band begins to lose its intensity. 
As shown by the spectroelectrochemistry results (vide infra), such changes are characteristic 
of the Co(III) species in solution, and hence, in very alkaline media the oxidation of the 
cobalt center may take place. Similar results were previously reported for the water soluble 
cobalt(II) tetrasulfophthalocyanine, which aggregates in both acidic and alkaline pHs, while 
the oxidized species [Co(III)(SO3H)4Pc]
+
 is completely monomeric.
[101]
 
The absorption spectrum of compound 2b was not significantly affected from pH 3.8 to 
12.7. However in very acidic media the Soret and Q bands of both aggregated and non-
aggregated species shifted to the red and decreased in intensity, with concomitant isosbestic 
points appearing at around 550 and 700 nm. This product was not stable, though, quickly 
decomposing in solution. The Q band of iron phthalocyanines is also very sensitive to 
changes in the metal oxidation state, such that Fe(III)Pcs usually show a red-shifted Q band 
compared to the Fe(II) species, falling between 670 and 690 nm.
[3]
 As shown later, Fe(III) 
complexes of 1b and 2b could not be electrochemically generated in solution and macrocycle 
decomposition was always observed. This also supports the suggestion that Fe(III)Pc is being 
formed in acidic conditions, considering its high instability in solution. Addition of alkali did 
not reverse the reaction and also led to decomposition of the product, ruling out the 











Figure 2-4: Absorption spectrum of 2b in aqueous solutions containing (a) -CD and poly -
CD; (b) different concentrations of poly -CD.  
 
 













2.4. Cyclic voltammetry and spectroelectrochemistry 
Electrochemical measurements were performed to give further insight into the electronic 
properties of the phthalocyanines. The cyclic voltammogram (CV) of compound 1a in 
pyridine is shown in Figure 2-6a. Two oxidation and two reduction processes can be 
observed. Process I shows a Epa–Epc) higher than 60 mV and is quasi-reversible, suggesting 
a possible ligand exchange, where pyridine coordinates to the metal or not. Process III is 
reversible and the second oxidation process is totally irreversible. Linear curves were 
obtained from the plots of the square root of scan rate versus current for couples I to III, 
indicating diffusion controlled processes. For assignment of the redox couples, 
spectroeletrochemical measurements were performed and the results summarized in Figure 2-
6b-d. When enough potential was applied for process I to occur, the Q band of 1a red shifted 
to 682 nm followed by a red shift and decrease in the intensity of the Soret band. The clear 
isosbestic points formed at 356 and 668 nm indicates the equilibrium between two species in 
solution. Shifts on the Q band position are a typical feature of metal centered redox 
processes, and since the spectral changes support the formation of Co(III)Pc species in 
solution,
[3,102]




Pc couple. At the first reduction peak 
of 1a, shifts in the Soret and Q bands were also observed, and this time, two strong and broad 
absorptions at the 450 nm region appeared in the spectra. Together with the weak and red 
shifted Q band, these absorptions are characteristic of Co(I)Pc species in solution,
[88]
 
indicating that the couple Co(I)Pc/Co(II)Pc is responsible for process II. Upon application of 
more negative potentials, further reduction of the central metal or reduction of the Pc’s ring 
are possible to occur. At process III, the spectra evolution shows sharp depletion of the Soret 
and Q bands, and appearance of a new band at 965 nm. As the Pc’s main absorptions are 
originated from -* transitions between the ring’s orbitals, they are significantly affected by 
oxidation or reduction of the macrocycle. Also, low intensity bands at 1000 nm region are 
characteristic of phthalocyanine anion radicals
[103,104]





. The original spectra were regenerated for all cases by applying 0.0 V 
potential at the end of each measurement. All processes are electronically reversible (Figure 
S2-3).  
CV and differential pulse voltammogram (DPV) of the quaternized cobalt complex 2a in 
DMF are shown in Figure 2-7. The presence of an extra peak on the reduction path of couple 
II may be related to aggregates formed in the highly concentrated solution required for the 
experiment. Spectroelectrochemical measurements of couples I to III revealed spectral 




changes similar to those observed for compound 1a, and therefore, the redox processes were 
equally assigned. Processes I and II are totally reversible, however, on process III, 
macrocycle decomposition was observed after some time of experiment and the original 
spectrum could not be regenerated (Figure S2-4). 
 
 
Figure 2-6: (a) Cyclic voltammogram of 1a in pyridine containing TBAP (0.1 M), at a scan 
rate of 100 mV/s. Spectral changes of 1a in pyridine containing TBAP (0.3 M) by applying 
(b) 0.55, (c) 0.45, and (d) 1.2 V versus Ag/AgCl reference electrode.    
 
For the iron complex 1b, one oxidation and two well defined reduction couples can be 
observed in the cyclic voltammogram (Figure 2-8). The oxidation process is irreversible as 
only ring decomposition was observed upon potential application. The plots of square wave 
of the scan rate versus current for couples II and III are linear, pointing to diffusion controlled 
processes. The spectral changes at the first reduction potential of 1b shows a sharp depletion 
of both Soret and Q bands, and appearance of absorptions at 522 and 803 nm. Although this 
profile can be easily misinterpreted as a reduction centered on the Pc ring due to the same 
reasons explained for compound 1a, the redox chemistry of iron phthalocyanines is not as 




simple and clear as the cobalt ones. As previously reported, the first reduction of Fe(II)Pc 
occurs at ca. -1.50 V, generating a species with sharp and moderate absorption in the near 
infrared region which was assigned to Fe(I)Pc
2-
 with aid of electron spin resonance (ESR) 
measurements.
[105]
 In addition, the difference between the first reduction potential of 
compounds 1a and 1b is around 500 mV, while the second reduction lies at very close 
potentials to each other, which is reasonable considering them to be metal and ring processes, 
respectively. The significant cathodic shift observed for the first reduction of 1b may result 
from the larger stabilization of the Fe(II) species by pyridine coordination compared to Co(II). 









respectively, although the possibility of mixture between metal-reduced and ring-reduced 
species in both processes cannot be ruled out. The original spectrum of 1b was regenerated 




Figure 2-7: (a) Cyclic voltammogram and differential pulse voltammogram (inset) of 2a in 
DMF containing TBAP (0.1 M), at scan rate of 100 mV/s. Spectral changes of 2a in DMF 
containing TBAP (0.3 M) by applying (b) 0.90 V, (c) -0.25 V and (d) -1.42 V potentials 
versus Ag/AgCl reference electrode.  




Finally, the cyclic voltammogram of 2b is shown in Figure 2-9. The broad and low 
intensity peaks may be consequence of the high aggregation level of 2a in DMF, also because 
of its poor solubility, which makes the diffusion of molecules towards the electrode very 
slow. Processes II and III, though, can be more clearly observed from the DPV plots. Process 
II is still reversible, although a lower anodic current was observed, and process III, related to 
reduction of the phthalocyanine ring, showed irreversibility as seen for the cobalt complex 
2a. 
The potential values of processes I, II and III for the four compounds are summarized on 
Table 2-1. After quaternization of the pyridyl groups, both metal processes I and II were 
greatly shifted to more anodic potentials, with shifts reaching 1 V for the cobalt couple I and 
iron couple II. The redox processes of the macrocycles were little influenced by the central 
metal or methylation of the substituent groups. The methylation effect at the pyridyl rings 
was also relatively weak due to the small electronic interaction between the Pc and pyridyl 
rings. 
Figure 2-8: (a) Cyclic voltammogram of 1b in pyridine containing TBAP (0.1 M), at scan 
rate of 100 mV/s. Spectral changes of 1b pyridine solution containing TBAP (0.3 M)  by 
applying (b) -0.80 V and (c) -1.20 V potentials versus Ag/AgCl reference electrode.   






Figure 2-9: Cyclic voltammogram and differential pulse voltammogram (inset) of 2b in 



















 (E1/2/V) - 0.26 (0.99) - 1.06 (0.98) - 1.83 (0.99) 
1b
a
 (E1/2/V)  - 1.50 (0.99) - 1.88 (0.99) 
2a
b















1mM in DMF; TBAP 
(0.1M); scan rate of 100 mV s
-1
; Pc’s counter-ion is perchlorate. In brackets: values of R
2
 for the plot of ip vs. 
1/2. cIrreversible processes. 
   




2.5. Electrocatalysis of the oxygen reduction reaction (ORR) 
In order to investigate the efficiency of the studied phthalocyanines as catalysts for the 
oxygen reduction reaction, a monolayer film of each compound was deposited on the surface 
of a GC electrode, and the cyclic voltammogram obtained in air-saturated aqueous solution 
(Figure 2-10). The strong, sharp cathodic peak observed in the voltammogram of each 
macrocycle is related to the oxygen reduction process, with the potential obtained against the 
Ag/AgCl electrode. 
A GC electrode with no Pc coating (bare electrode) shows the ORR peak at -0.53 V in 
acidic solution and at a more cathodic potential (-0.71 V) in alkaline solution. At low pH, the 
plots for the electrodes coated with 1a and 2a show the peak for the oxygen reduction around 
-0.34 V, which represents an anodic shift of about 200 mV compared to the bare electrode, 
hence illustrating the catalytic effect. Under the same conditions, the reaction catalysis for the 
films of 1b and 2b appears to begin at very anodic potentials (near to 0 V) reaching a 
maximum peak current at -0.43 V. The broad shoulder observed in both voltammograms at 
around -0.18 V may be related to a parallel process leading to the formation of intermediate 
species. By increasing the scan rate for both macrocycles films (Figure S2-7), no significant 
difference in the current ratio of these two peaks was observed, which indicates that both are 
fast processes. In alkaline pH, however, no shoulders were observed in the plots of 1b and 2b, 
while the methylated complex showed a better catalytic effect than the non-methylated one. 
On the other hand, 1a showed better performance than 2a, although the potential difference 
between them was less pronounced. 
Under nitrogen atmosphere in acidic solution, the reduction process observed around 0 V 
for both 1a and 1b was assigned to the reduction of the metal center from M(II)Pc to M(I)Pc 
in the films. Since this process occurs at more anodic potentials than the ORR, it is 
reasonable to consider that the first step in the mechanism consists of an electron transfer 
reaction from the electrode to the Pc metal center, followed by reduction of the oxygen 
molecules by the complex, regenerating the catalyst. 
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Figure 2-10: Cyclic voltammetry measurements of adsorbed Pcs on GC electrode for ORR 
catalysis. Air saturated Britton-Robinson buffers were used as electrolyte solutions. Scan 
rate: 100 mV/s. 
 
Equation 2-1 represents the direct and efficient four-electron reduction of oxygen to yield 
water as the final product. Incomplete reduction can also occur through a two-electron 
pathway leading to a stable hydrogen peroxide species (Eq. 2-2), which can be further 
reduced to water at more negative potentials (Eq. 2-3). In alkaline pH, the same mechanisms 
are valid, although the species involved are as follows:
[107]
 
O2 + 2 H2O + 4 e
–
   4 OH
–
                   (Eq. 2-4) 
O2 + H2O + 2 e
–




                              (Eq. 2-5) 
HOO
–
 + H2O + 2 e
–
   3 OH
–
                   (Eq. 2-6) 
The ORR on the bare GC electrode proceeds through a two-electron mechanism           
(Eq. 2-2), and considering that, in acidic media, little difference is observed in the current 
intensity of the oxygen reduction peak between the bare electrode and those coated with the 
Pcs, we can assume that peroxide formation is being catalyzed by all compounds under these 




conditions. In alkaline solution, however, the coated electrodes showed increased peak 
current compared to the bare electrode, with a more pronounced intensity observed for the 
iron soluble complex 2b, which indicates the occurrence of a four-electron mechanism (Eq. 
2-4) or an incomplete 2+2 electron mechanism. 
In order to obtain the number of electrons involved in the ORR for the immobilized Pcs in 
alkaline solution, measurements using a rotating disk electrode (RDE) were performed. 
Figure 2-11 shows the voltammograms for the uncoated GC disk electrode and coated with 
2a and 2b in air-saturated buffer solution (pH 12) at different rotation rates. In rotating disk 
voltammetry (RDV) experiments, the redox processes are characterized by polarization 
curves containing flat plateau currents from which the limiting current value imax and E1/2 
(potential at which i = 0.5imax) can be extracted.  
 
Figure 2-11: Rotating disk voltammetry curves for the oxygen reaction catalysis using a GC 
electrode in air saturated buffer solutions. (a) Bare electrode, (b) coated with 2a and (c) 
coated with 2b. Scan speed: 50 mV/s. 




The plot for the bare GC electrode showed a E1/2 value of -0.52 V against -0.36 V and -
0.37 V obtained for 1b and 2b, respectively, evidencing once more the catalytic effect of 
these macrocycles. The absence of flat plateau currents at the bare electrode may be 
indicative of its poor catalytic activity, since all oxygen reaching the electrode cannot be 
accommodated in the surface and more negative potentials are needed.
[108]
 Macrocycles 1b 
and 2b showed more constant imax values in the mass transport region, although a peak can be 
observed in the curves of 2b. Considering together the CV data in Figure 2-10 and the CV 
and RDV data of tetracarboxylated FePc
[109]
 and other iron porphyrins,
[110,111]
 this may be due 
to the reduction of H2O2 occurring at or slightly more negative potentials than that from O2 to 
H2O2.  
For mass transport controlled processes, the number of electrons involved in the half 
reactions is related to the limiting current and rotation rate as described by the Levich 





-1/61/2          (Eq. 2-7) 
 
where iL is the Levich current, n is the number of electrons transferred in the half reaction, F 
is the Faraday constant (96500 C mol
-1
), A is the electrode’s area (0.196 cm
2
), D is the 






), v is the kinematic 









) and 𝜔 is the electrode’s angular rotation rate (rad s-1).[74,112–114]  
Plots of current density (I) versus rotation rate resulted in linear curves in which the 
number of electrons n was calculated from the angular coefficient (Figure 2-12). The values 
of n found for the bare electrode and that coated with 2a were 1.8 and 1.7 respectively, which 
indicates that the catalysis proceeds via a two-electron mechanism (Eq. 2-5), with formation 
of the peroxide anion. Compound 2b, however, shows n equal to 2.8. From the data in 
Figures 9 and10, this value may indicate a 2+2 mechanism, which consists of a first complete 
O2 to H2O2 process and a subsequent incomplete H2O2 to H2O process. This often occurs for 












Figure 2-12: Levich-Koutecky plots for the ORR for the GC rotating disk electrode (a) 











The synthesis, characterization and electronic properties of novel cobalt and iron 
phthalocyanines containing non-methylated and methylated pyridyl groups were reported in 
this study. The quaternized complexes 2a and 2b showed enhanced water solubility, while 
disaggregation in aqueous solution could be achieved through different strategies. 
Electrochemical measurements of the compounds showed that the redox processes of the 
macrocycles are little influenced by the coordinated metal ion, and that, after the 
quaternization reaction, all metal redox processes were greatly shifted to more anodic 
potentials. The four investigated phthalocyanines immobilized on a GC electrode showed 
catalytic effect for the ORR. The iron compounds 1b and 2b showed improved catalysis in 
acidic media, with the reduction process starting at potentials close to 0 V. Compound 2b 
also showed an increased ORR current in alkaline media, and an incomplete 2+2-electron 
reduction mechanism could be proposed from the RDE experiments. These results allied with 
the simple synthetic procedure, good yields and high stability of the compounds at both acid 
and alkaline pH make them potential candidates for applications involving oxygen reduction 
reactions, as anti-bacteria and deodorant agents, as well as in fuel cell devices. 




4. Supplementary data 
 
Figure S2-1: Absorbance spectrum of 2b in pyridine/water 2:1 (v:v) solution. 
 
 
Figure S2-2: Plots of dimer/monomer ratio versus concentration of compounds 2a (circle) 











Figure S2-3: Plots of reversibility of compound 1a over (a) process I; (b) processes II and III. 
Initial spectrum before applying potential (red line) and regenerated spectrum after applying 






Figure S2-4: Plots of reversibility of compound 2a over (a) process I; (b) processes II and III. 
Initial spectrum before applying potential (red line) and regenerated spectrum after applying 
0 V for some minutes (black line). 
 





Figure S2-5: Plot of reversibility of compound 1b over processes II and III. Initial spectrum 
before applying potential (red line) and regenerated spectrum after applying 0.0 V for some 





Figure S2-6: Cyclic voltammograms of (a) 1b and (b) 2b for ORR in different scan rates. 
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One of phthalocyanines main attractive feature is their high versatility since their 
physicochemical properties can be finely tuned via insertion of different substituents and 
central elements into the ring.
[3]
 Solubility is an example of tunable property and although 
Pcs are usually insoluble in most organic solvents, this problem can be overcome by 
introducing different substituent groups at the  or  positions of the peripheral moieties. 
While solubility in organic solvents can be increased by ring substitution with alkyl chains, 
water solubility, required for application in various fields, is most frequently achieved by the 
use of negatively-charged substituents, such as sulfonic (SO3
–






Materials which have intense fluorescence in water can become promising candidates for 
the design of novel biomarkers and photosensitizers. However, ionic Pcs are known to 
aggregate easily via - stacking of the rings, leading to disadvantages, such as fluorescence 
quenching or loss of catalytic activity.
[117,118]
 Hence, the control of the aggregation and 
fluorescence properties in water is a significant topic in material science.  
In this context, we have designed a series of water-soluble Pcs containing quaternized 
pyridyl (pyridinium) groups (Scheme 3-1), and investigated their aggregation equilibrium in 
solution. Pyridyl groups are easily quaternized, to yield positively-charged species, while 
positively-charged Pcs also show a higher tendency for DNA binding and improved uptake 
by bacterial cells.
[77,119,120]
 The influence of the chemical structure is crucial for the 
aggregation equilibrium, but up to now, quantitative analysis of separate variables has been 
mainly restricted to sulfonic or non-ionic substituents.
[93,121,122]
 The structure of the 
pyridinium Pcs includes three elements in addition to the Pc core: (1) bridging atoms (X), (2) 
central metal (M), and (3) N-alkyl groups (R). The aggregation behavior of aryloxy-
derivatized metalloPcs in toluene solution was previously investigated, showing that their 
behavior is different from metal to metal.
[30]
 As shown in chapter 2, we synthesized iron and 
cobalt water-soluble Pcs and found that their aggregation properties also depended on the 
central metal.
[123]
 To investigate these characteristics further, Pcs with different bridging 
atoms (compounds 1-2 (O) vs. 3-10 (S)), different central metals with the same substituents 
(compounds 3-7), and different N-alkyl groups with the same central metal (compounds 7-10) 
have been prepared and analyzed. In particular, we have found an exemplary linear 
relationship between dimerization and the fluorescence quantum yield. Although it has long 
Chapter 3 - Introduction 
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been postulated that fluorescence decreases on aggregation, such a precise relationship as 




Scheme 3-1: Structures of the Pcs investigated in this work.
Chapter 3 - Experimental 
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2. Experimental  
        
2.1. Materials and instrumentation 
All chemicals were analytical grade and purchased from commercial sources. The 
solvents were purified by distillation and all other reagents were used without further 
purification. The 
1
H NMR and the 
13
C NMR spectra were measured at 300.4 MHz and 75.45 
MHz, respectively, using JEOL JNM-AL 300 equipment. The UV–vis spectra were obtained 
by a JASCO V-570 spectrophotometer and the IR spectra were measured using a JEOL JIR-
SPX-60S spectrophotometer. Fluorescence spectra were obtained on a HITACHI F-4500 
spectrofluorometer. Absolute fluorescence quantum yields were measured on a Hamamatsu 
C9920-03G calibrated integrating sphere system. The FD MS spectra were measured in the 
positive and direct-induced mode using a JEOL JMS 600 spectrometer. Melting point 
measurements of the phthalonitriles were carried out with the Micro Melting Point Apparatus 
MP-500D produced by YANACO Instrument Co. Ltd. 
 
2.2. Synthesis and characterization 
 
2.2.1. 4-Pyridyloxyphthalonitrile 
4-Hydroxypyridine (10.0 g, 0.10 mol), dry K2CO3 (29.1 g) and 200 mL of dried DMF 
were placed in a 1 L rounded-bottomed flask equipped with an overhead stirrer, rubber seal 
and a dropping funnel in which the solution of 4-nitro-2,3-dicyanobenzene (0.10 mol) in 100 
mL of DMF was placed. After a stream of nitrogen was passed through the slurry to remove 
oxygen, the DMF solution was added dropwise over 18 h. The resulting mixture was poured 
into 3 L of water under vigorous stirring, filtered and the solid washed with hot water and 
dried in vacuo. The pale-yellow solid was dispersed in 1 L of CHCl3 and the resulting 
mixture was filtered. Evaporation of the solution yielded 3.76 g (16.4%) of the desired nitrile. 
GC-MS: m/z = 221. 
1
H NMR in CDCl3 (, ppm): 8.65 (dd, J = 4.8 Hz, J = 1.5 Hz, 2H), 7.86 
(d, J = 8.7, 1H), 7.48 (d, J = 2.7 Hz, 1H), 7.41 (dd, J = 8.7 Hz, J = 2.7 Hz, 1H), 7.00 (dd, J = 
4.8 Hz, J = 1.5 Hz, 2H). 
13
C NMR in CDCl3 (, ppm): 161.3, 158.7, 152.4, 135.7, 123.7, 
123.5, 118.0, 114.8, 114.4, 114.0, 111.1. FTIR (KBr pellet, cm
-1
): 3052, 3031(m), 2968, 
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2360(w), 2231(s), 1653, 1606(m), 1578, 1562, 1483, 1414, 1284, 1250, 1200(vs), 1090, 951, 
881, 858(s); m.p. 144.1-146.9°C. 
 
2.2.2. 4-Pyridylthiophthalonitrile 
4-Nitrophthalonitirle (38.9 g, 0.22 mol), dry K2CO3 (40.0 g) and 300 mL of dried DMF 
were placed in a 1 L rounded-bottomed flask equipped with an overhead stirrer and rubber 
seal. After purging oxygen from the mixture with a nitrogen stream, 4-pyridinethiol (25.0 mL, 
0.22 mol) was added to the mixture and stirred at room temperature. After 8 hours, more 
K2CO3 (40.0 g) was added and the mixture stirred for additional 15 h. The resulting mixture 
was poured into 3 L of water under vigorous stirring, filtered and the solid washed with hot 
water and dried in vacuo to yield 40.0g (75%) of the desired yellow product. GC-MS: m/z = 
237. 
1
H NMR in CDCl3 (, ppm): 8.62 (d, J = 4.6 Hz, 2H), 7.79-7.65 (m, 3H), 7.25(d, J = 4.6, 
2H). 
13
C NMR in CDCl3 (, ppm): 150.6, 142.7, 142.0, 134.3, 134.0, 125.1, 117.0, 114.8, 
114.5, 114.1. FTIR (KBr pellet, cm
-1
): 3089, 3043(w), 3003, 2231(s), 1572(vs), 1483, 
1410(s), 1279, 1221, 1082(w), 818, 708, 530(s); m.p. 148.0-149.0°C. 
 
2.2.3. Tetrakis[4-(iodo-N-methylpyridinium)oxy]phthalocyanine (1)  
4-Pyridyloxyphthalonitrile (1.959 g, 8.86 mmol) and 20 mL of 1-pentanol were placed in 
a 100 mL 3-necked flask equipped with a condenser and rubber seal. After purging nitrogen, 
DBU (1.48 g, 9.73 mmol) were added through a syringe and the resulting mixture was stirred 
for 8 hours at 105-110°C. After the solvent was removed, addition of acetone gave a blue 
precipitate, which was filtered, washed with NaOH 1.0 M, water and acetone. After drying in 
vacuo, 0.828 g of tetrakis(4-pyridyloxy)phthalocyanine was obtained (53.9%). For the 
methylation reaction, the free-base phthalocyanine (0.056 g, 0.05 mmol), 1.0 mL of methyl 
iodide and 10 mL of DMF were placed in a 100 mL pressure-resistant reactor and the mixture 
was stirred at 70-80°C for 30 minutes. After removal of the DMF and methyl iodide by 
evaporation, addition of acetone to the resultant oil yielded a blue precipitate, which was 
washed with CHCl3 and acetone and dried in vacuo overnight to yield 0.078 g of the title 
compound (84.4%). Anal. Calcd for C56H42I4N12O4: C, 46.24; H, 2.91; N, 11.55. Found: C, 
46.06; H, 3.18; N, 11.46. FTIR (KBr pellet, cm
-1
): 3437(m), 3014(w), 1645(vs), 1614(s), 
1579(m), 1512(vs), 1471(s), 1421, 1398(m), 1398(m), 1308, 1284, 1207, 1113, 1092(s), 1011, 
930, 835, 746, 505(m). 




2.2.4. Tetrakis[4-(iodo-N-methylpyridinium)oxy]phthalocyaninato zinc(II) (2) 
4-Pyridyloxyphthalonitrile (0.664 g, 3.0 mmol), anhydrous zinc acetate (2.75 g, 1.5 
mmol) and 6 mL of 1-pentanol were placed in a 50 mL 3-necked flask equipped with a 
condenser and a rubber seal. After purging oxygen from the mixture with nitrogen, DBU 
(0.457 g, 3.0 mmol) was added through a syringe and the resulting mixture was stirred for 8 h 
at 105-110°C. After evaporating the solvent in a rotary evaporator, addition of acetone to the 
product yielded a blue precipitate, which was filtered, washed with NaOH solution (1 M), 
water and acetone. After drying in vacuo overnight, 0.63 g of tetrakis(4-
pyridyloxy)phthalocyaninato zinc(II) was obtained (37.3%). For methylation of the pyridyl 
rings, the obtained phthalocyanine (0.097 g, 0.07 mmol), methyl iodide (1.0 mL), and DMF 
10 mL were placed in a 100 mL pressure-resistant reactor and the mixture was stirred at 80
o
C 
for 30 min. After evaporation of the DMF and methyl iodide excess, the product was 
precipitated with acetone, filtered, washed with CHCl3 and acetone and dried in vacuo 
overnight to yield 0.15 g of title compound (95.5%). Anal. Calcd for C56H40I4N12O4Zn: C, 
44.31; H, 2.66; N, 11.07. Found: C, 43.95; H, 3.14; N, 10.95. FTIR (KBr pellet, cm
-1
): 
3419(m), 3032(w), 1643(s), 1608(m), 1581(m), 1512(vs), 1487(w), 1464(s), 1333, 1306(m), 
1286(vs), 1205(s), 1088, 1047, 945(m), 835, 748, 511(w). 
 
2.2.5. Tetrakis[4-(iodo-N-methylpyridinium)thio]phthalocyanine (3) 
4-Pyridylthiophthalonitrile (4.746 g, 20.0 mmol) and 50 mL of 1-pentanol were placed in 
a 100 mL 3-necked flask equipped with a condenser and rubber seal. After purging oxygen, 
DBU (3.05 g, 20.0 mmol) was added through a syringe and the resulting mixture was stirred 
for 8 hours at 105-110°C. After the solvent was removed, addition of acetone gave a blue 
precipitate, which was filtered, washed with NaOH 1.0 M, water and acetone. After drying in 
vacuo, 1.72 g of tetrakis(4-pyridylthio)phthalocyanine was obtained (36.2%). For the 
methylation reaction, the free-base phthalocyanine (0.061 g, 0.05 mmol), 1.0 mL of methyl 
iodide and 10 mL of DMF were placed in a 100 mL pressure-resistant reactor and the mixture 
was stirred at 70-80°C for 30 minutes. After removal of the DMF and methyl iodide by 
evaporation, addition of acetone to the resultant oil yielded a blue precipitate, which was 
washed with CHCl3 and acetone and dried in vacuo overnight to yield 0.061 g of title 
compound (92.0%). Anal. Calcd for C56H42I4N12S4: C, 44.28; H, 2.79; N, 11.07. Found: C, 
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44.36; H, 2.87; N, 10.92. FTIR (KBr pellet, cm
-1
): 3437(w), 3005(w), 1628(vs), 1549(w), 
1491(s), 1444, 1406, 1302(m), 1192, 1132(m), 1105(s), 1011(s), 895, 814(m), 741(s), 698, 
673, 634(w), 482(m). 
 
2.2.6. Tetrakis[4-(iodo-N-methylpyridinium)thio]phthalocyaninato copper(II) (4) 
Pyridylthiophthalonitrile (0.95 g, 4.0 mmol), CuSO4•2H2O (2.72 g, 1.5 mmol) and 6 mL 
of 1-pentanol were placed in a 50 mL 3-necked flask equipped with a condenser and a rubber 
seal. After purging oxygen, DBU (0.61 g, 4.0 mmol) was added through a syringe and the 
resulting mixture was stirred for 8 h at 110°C. After evaporating the solvent in a rotary 
evaporator, addition of acetone to the product yielded a blue precipitate, which was filtered, 
washed with NaOH solution (1 M), water and acetone. After drying in vacuo overnight, 0.63 
g of tetrakis(4-pyridylthio)phthalocyaninato copper(II) was obtained (62.3%). For 
methylation of the pyridyl rings, the obtained phthalocyanine (0.098 g, 0.07 mmol), methyl 
iodide (1.0 mL), and 10 mL of DMF were placed in a 100 mL pressure-resistant reactor and 
the mixture was stirred at 80°C for 30 min. After evaporation of the DMF and methyl iodide 
excess, the product was precipitated with acetone, filtered, washed with CHCl3 and acetone 
and dried in vacuo overnight to yield 0.14 g of title compound (91.1%). Anal. Calcd for 
C56H40CuI4N12S4: C, 42.56; H, 2.55; N, 10.64. Found: C, 42.43; H, 2.76; N, 10.46. FTIR 
(KBr pellet, cm
-1
): 3419(m), 3010(w), 1630(vs), 1558(w), 1493(s), 1456, 1394(w), 1311(m), 
1196(w), 1146(m), 1105(s), 1045, 920, 816, 746(m), 692. 
 
2.2.7. Tetrakis[4-(iodo-N-methylpyridinium)thio]phthalocyaninato nickel(II) (5) 
The same procedures described for 4 were used for the synthesis of 5, using instead NiCl2 
as the metal salt. The procedures yielded 0.858 g of tetrakis(4-pyridylthio)phthalocyaninato 
nickel(II) (85.1%) and 0.1714 g of title compound (99.7%). Anal. Calcd for C56H40I4N12NiS4: 
C, 42.69; H, 2.56; N, 10.67. Found: C, 42.48; H, 3.06; N, 10.39%. FTIR (KBr pellet, cm
-1
): 
3421(m), 3010(w), 1630(vs), 1552, 1531(w), 1493(s), 1450, 1396(w), 1144(m), 1105(s), 
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2.2.8. Tetrakis[4-(iodo-N-methylpyridinium)thio]phthalocyaninato palladium (II) (6) 
The same procedures described for 4 were used for the synthesis of 6, using instead 
Pd(OAc)2 as the metal salt. The procedures yielded 0.262 g of 
tetrakis(4-pyridylthio)phthalocyaninato palladium(II) (29.4%) and 0.262 g of title compound 
(24.8%). Anal. Calcd for C56H40I4N12PdS4: C, 41.43; H, 2.48; N, 10.35. Found: C, 41.09; H, 
2.73; N, 10.12. FTIR (KBr pellet, cm
-1
): 3423(m), 3010(w), 1628(vs), 1552(w), 1491(s), 
1456(m), 1353(w), 1309(m), 1259, 1194(w), 1149(m), 1105(s), 1045, 932(w), 816, 746(m), 
484(m). 
 
2.2.9. Tetrakis[4-(iodo-N-methylpyridinium)thio]phthalocyaninato zinc(II) (7) 
The same procedures described for 4 were used for the synthesis of 7, using Zn(OAc)2 as 
the metal salt. The procedures yielded 0.59 g of tetrakis(4-pyridylthio)phthalocyaninato 
zinc(II) (58.1%) and 0.15 g of title compound (95.7%). Anal. Calcd for C56H40I4N12S4Zn: C, 
42.51; H, 2.55; N, 10.62. Found: C, 42.47; H, 2.77; N, 10.44%. FTIR (KBr pellet, cm
-1
): 
3446(m), 3012(w), 1630(vs), 1489(s), 1458, 1387, 1308, 1142(m), 1105(s), 1043, 908, 816, 
744(m), 687, 484. 
 
2.2.10. Tetrakis[4-(iodo-N-propylpyridinium)thio]phthalocyaninato zinc(II) (8) 
Tetrakis(4-pyridylthio)phthalocyaninato zinc(II) (0.0940 g, 4 mmol), 1.0 mL of propyl 
iodide and 10 mL of DMF were placed in a 100 mL pressure-resistant reactor and the mixture 
was stirred at 70-80°C for 8 hours. After removal of the DMF and methyl iodide by 
evaporation, addition of 20 mL of acetone to the resultant oil yielded a blue precipitate, 
which was washed with CHCl3 and acetone and dried in vacuo overnight to yield 0.1570 g of 
title compound (99.5%). Anal. Calcd for C64H56I4N12S4Zn: C, 45.36; H, 3.33; N, 9.92. Found: 
C, 44.46; H, 3.50; N, 10.35. FTIR (KBr pellet, cm
-1
): 3425(m), 3012, 2960, 2929, 2872(w), 
1626(vs), 1573, 1549(w), 1488(s), 1456(m), 1382, 1307, 1180(w), 1140(m), 1101(s), 1041, 
908, 831, 814, 769, 760(w), 744(m), 687, 513(w). 
 
2.2.11. Tetrakis[4-(bromo-N-hexylpyridinium)thio]phthalocyaninato zinc(II) (9) 
Same procedure described for 8 were used for the synthesis of 9, using hexyl bromide 
instead of propyl iodide. Yield: 0.1344 g (84.5%). Anal. Calcd for C76H80Br4N12S4Zn: C, 
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54.50; H, 4.81; N, 10.04. Found: C, 53.92; H, 4.54; N, 10.89%. FTIR (KBr pellet, cm
-1
): 
3425(m), 3012, 2960, 2929, 2872(w), 1626(vs), 1573, 1549(w), 1488(s), 1456(m), 1382, 
1307, 1180(w), 1140(m), 1101(s) 1041, 908, 831, 814, 769, 760(w), 744(m), 687, 513(w). 
 
2.2.12. Tetrakis[4-(iodo-N-nonylpyridinium)thio]phthalocyaninato zinc(II) (10) 
Same procedure described for 8 were used for the synthesis of 10, using nonyl iodide 
instead of propyl iodide. Yield 0.4130 g (98.7%). Anal. Calcd for C88H104I4N12S4Zn: C, 
52.04; H, 5.16; N, 8.28. Found: C, 53.65; H, 5.72; N, 6.80. FTIR (KBr pellet, cm
-1
): 3429(m), 
2997(w), 2953(m), 2921, 2852(s), 1626(vs), 1547(w), 1489(s), 1459(m), 1381, 1308(m), 
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3. Results and Discussion 
 
3.1. Synthesis 
The Pcs were synthesized via tetramerization reaction of the respective phthalonitriles 
and metal salts in n-pentanol at 105-110°C. Subsequent quaternization of the pyridyl groups 
was achieved by reaction with the respective alkyl halides in DMF at 70-80°C, with moderate 
to high yields. 
 The products were characterized by elemental analysis, MALDI-TOF mass spectrometry, 
FTIR and UV-vis absorption spectroscopy. Characterization of the water-soluble 
phthalocyanines through 
1
H NMR was not possible due to signal broadening in the spectra, 
originating from the strong aggregation of the compounds in the concentrated solutions 
needed for the measurements.   
  
3.2. Aggregation properties 
The general aggregation properties of the alkylpyridinium Pcs will be illustrated through 
the spectra of the representative tetrakis[4-(N-methylpyridinium)thio]Pc zinc complex 7. The 
data for the Figure 3-1 shows the UV-vis absorption and MCD spectra in pure aqueous and 
methanol solutions.  
In methanol solution, compound 7 shows a single, intense Q absorption band in the 600-
700 nm region and a Soret band at 349 nm, which are typical of non-aggregated metalloPcs 
with D4h symmetry. The MCD spectrum of 7 shows dispersion-type Faraday A terms 
corresponding to both the Soret and Q bands, indicating that the excited states of the 
chromophore are degenerate. Thus, it is concluded that pyridinium metalloPc exists in the 
monomeric form in a dilute methanol solution, as supported also by the Lambert-Beer plot of 
7, shown in Figure S3-1 (supplementary data). In contrast, the absorption spectrum in water 
is markedly different, with a broad peak appearing at 638 nm in the Q band region. This 
broad, blue-shifted absorption band suggests that 7 forms face-to-face (H-type) 
aggregates
[3,92,93]
 in water, as similarly observed for the chiral zinc phthalocyanine reported 
by Jiang et al. in concentrated CHCl3 solutions.
[124]
 This arrangement is also supported by the 
Faraday A terms in the MCD spectrum, suggesting that the dimer has structures close to 
either D4h or D4d. The absorption spectra of compound 7 in a series of water/methanol 
mixtures are shown in Figure 3-2a. By increasing the water proportion in the mixtures, the Q 
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band due to the monomer (at 676 nm) in methanol decreases sharply, with a set of isosbestic 
points and concomitant increase of the band at 638 nm, until its complete appearance in pure 
aqueous solution. Since the spectrum in methanol is that of monomeric Pc and a set of 
isosbestic points is detected by changing water-methanol ratio, the spectrum in water is 




Figure 3-1: UV-vis absorption (bottom) and magnetic circular dichroism (top) spectra of 
compound 7 (ca. 1.0 x 10
-5 
M) in aqueous (red) and methanol (black) solutions. 
 
Figure 3-2b shows a plot of the absorbance of both the monomer (676 nm) and dimer 
(638 nm) Q bands versus the methanol percentage in the mixtures. It is clear that significant 
disaggregation of 7 occurs in solutions containing more than 40% methanol, and is almost 
complete at 100% methanol solution. The intersection point between both curves represents 
the percentage of organic solvent in which the concentration of monomer species is about 
half of the Pc’s initial concentration, which was found to be 71% for 7. This volume of 
methanol (IM) indicates the aggregation propensity in water (a higher IM value indicates a 
stronger tendency for macrocycles to aggregate in solution). In Figure 3-2b, the 
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corresponding plots for 2 are also included. While the only difference between 7 and 2 is the 
bridging element, S for 7 and O for 2, the IM value for 2 is 49%. Although S and O are very 
close in the periodic table, the bridging element seems to have significant impact on the 
aggregation behavior, which has not been reported previously. 
A similar aggregation characteristic was observed for all of the Pcs listed in Scheme 3-1. 
The absorption spectra of compounds 4-6 in a series of water/methanol mixtures are shown in 
Figure 3-3 and those for 1-3 and 8-10 in Figures S3-2 and S3-3, with the results summarized 
in Table 3-1.  As previously reported by our group, bridging group-16 elements are important 
for shifting the Q band of the Pcs,
[16,125,126]
 and the pyridinium Pcs also follow this trend. 
Compounds 1 and 2 differ from compounds 3 and 7 with respect to the chalcogen atom 
linking the pyridyl rings to the Pc core. The Q bands of 3 (669, 691 nm) and 7 (674 nm) are 
red-shifted compared to those of the corresponding macrocycles containing an oxygen bridge, 
1 (660, 685 nm) and 2 (665 nm), in pure methanol. This illustrates the higher electron-
donating ability of the sulfur atom towards the Pc ring compared to oxygen, which leads to a 
larger destabilization of the HOMOs, and a resulting smaller HOMO-LUMO gap. Although 
the IM values of compounds 1 (70%) and 3 (68%) are almost the same, oxygen-bridged ZnPc 
2 interestingly showed a much lower value (49%) than sulfur-bridged 7 (71%). We 
previously determined the IM of the pyridiniumoxy Pc cobalt(II) complex 2a reported in 
chapter 2 of this thesis, and a low IM value of 55% was obtained.
[123]
 These values are lower 
than both free-base pyridiniumoxy Pc 1 and pyridiniumthio Pcs 3-7, indicating again that the 
extent of aggregation may result from a concomitant effect of both the bridging atoms and 
central metal. 
The central metal also makes a significant contribution to the stabilization of the 
aggregates in solution (Figure 3-3). The IM values of 4-7, which are pyridiniumthioPc 
transition metal complexes, are higher than that of free-base Pc (3) (IM = 68%). The order is 
Zn (7) (71%) < Cu (4) (82%) ≦ Ni (5) (88%) ≒ Pd (6) (92%), with a difference in the 
methanol proportion of 21% between the lowest (Zn) and highest (Pd) IM values. ZnPc 7 has 
a low IM value, indicating that it has a low propensity towards aggregation, which may be 
related to the 5th coordination of solvent molecules. In contrast, Cu-, Ni-, and Pd complexes 
are more prone to aggregation, perhaps due to the absence of a 5th coordination, so that these 
metalloPcs are known to form even trimers or tetramers in concentrated solution.
6
 However, 
the solution concentrations used in this study are of the order of 10
–6
 M, and a set of 
isosbestic points appeared between the spectra in water/methanol mixture and in pure 
methanol, 




Figure 3-2: (a) UV-vis absorption spectra of compound 7 in several water/methanol mixtures. 
(b) Plots of the absorbance at 676 nm (monomer band, filled squares) and 638 nm (dimer 
band, filled circles) of 7 (data from Figure 3-2a) and plots of the absorbance at 669 nm 
(monomer band, hollow squares) and 629 nm (dimer band, hollow circles) of 2 versus the 
methanol ratio in solution. 




Figure 3-3: (a) UV-vis absorption spectrum of 4 (top), 5 (middle), and 6 (bottom) in several 
water/methanol mixtures; (b) plots of the absorbance values of the 674 nm (black) and 634 
nm (red) bands for 4 (top), the 667 nm (black) and 628 nm (red) for 5 (middle), and the 657 
nm (black) and 620 nm (red) bands for 6 (bottom) as a function of the methanol ratio in 
solution. 
 




which is monomeric. Accordingly, the spectroscopic change here is between dimer and 
monomer. Although it is well known that Cu complexes have a higher tendency to 
aggregate,
[127]
 these results show that not only Cu, but also Ni and Pd complexes, have a 
similar or slightly higher propensity towards aggregation. 
 
Table 3-1: Summary of the aggregation and emission behavior of the investigated Pcs. 









1 H2 O Methyl 70 660 / 685 688 / 724 15 
2 Zn   49 669 693 / 743 12 
3 H2 S  68 669 / 691 706 / 740 7 
4 Cu   82 674 ND
e
 – 
5 Ni   88 667 ND – 
6 Pd   92 657 ND – 
7 
Zn 
  71 676 696 / 752 15 
8  Propyl 67 677 694 / 752 14 
9  Hexyl 75 675 698 / 753 12 
10  Nonyl 71 675 697 / 753 13 
a
Proportion of methanol in which the monomer/dimer ratio in solution is 1:1. 
b
Peaks of the Q band 
measured in pure methanol solution. 
c
Emission peaks when excited at the Q01 band in pure methanol 
solution. 
d





3.3. Correlation between fluorescence and aggregation 
Fluorescence measurements of the Pcs were carried out in pure methanol. The emission 
spectra are shown for compounds 7 and 2 in Figure 3-4 and for 1, 3 and 8-10 in Figures S3-4 
and S3-5, with the results summarized in Table 3-1. The emission spectra are mirror images 
of the absorption spectra, with Stokes shifts of less than ca. 20 nm, which is in agreement 
with the values found for other Pcs.
[3,92,93,128]
 No significant difference was observed in the 
emission peak wavelengths or in the fluorescence quantum yields (F) of complexes 7-10, 
indicating again that the Pc electronic structure remains almost unaffected by the length of 
the alkyl chain. Compounds 4-6 showed no appreciable fluorescence emission, as reported 
for other Ni-, Cu-, and PdPc complexes.
[3]
 The aggregation equilibrium of the Pcs was also 
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investigated through measurement of their F in a series of water/methanol mixtures. The 
excellent relationship found between the F and Q00 absorption intensity of the monomer 
clearly shows that fluorescence quenching is caused by the dimer formation with increasing 
proportion of water in solution. It is expected, therefore, that the solution containing a 
monomer concentration equivalent to half of the initial concentration will show half of the F 
measured in pure methanol, where the Pc is totally monomeric. In the case of 7, the point at 
which the F is halved (7.5%) corresponds to the solution containing 70% of methanol, in 
excellent agreement with the IM value (71%) derived from the absorbance plots previously 
discussed. 
 
Figure 3-4: (top) a) Absorption (black), fluorescence emission excited at 600 nm (green), 
and excitation spectra at 760 nm (red) of compound 7 in methanol solution; b) Relationship 
between the absorbance at 674 nm and fluorescence quantum yield of 7 upon aggregation in 
water/methanol mixtures. (bottom) a) Absorption (black), fluorescence emission excited at 
600 nm (green), and excitation spectra at 760 nm (red) of compound 2 in methanol solution; 
b) Relationship between the absorbance at 665 nm and fluorescence quantum yield of 2 upon 
aggregation in water-methanol mixtures.   




Using quaternized pyridinium Pcs, the relationships between the Pc structure, aggregation 
behavior, and fluorescence intensity have been elucidated. The aggregation equilibrium 
depends on both the central metal and the bridging atom between the Pc core and pyridine 
unit.  Here, the aggregation tendency increases in the order of Zn < Cu ≦ Ni, Pd, while the 
bridging element sulfur gives much more propensity for aggregation compared to oxygen. Is 
important to note that the aggregation propensity can be expressed precisely using IM values 
and the volumetric ratio of water in methanol-water mixtures where F becomes half of that 
in pure methanol. This simple quantification method can be used for other water soluble 
macrocycles, allowing a proper comparison of their aggregation tendencies. The chain length 
of the N-alkyl groups showed no significant effect on the photophysical properties or 
aggregation equilibrium of the Pcs in solution, so that elongation of the alkyl chain may be 
useful for obtaining compounds with improved amphiphilicity, without altering their intrinsic 
photophysical properties.  
We also found a noteworthy, exemplary correlation between the fluorescence quantum 
yield and the extent of aggregation. These trends can be used for designing new Pc-based 








Chapter 3 – Supplementary Data 
59 
 
5. Supplementary data 
 
 









Figure S3-2: (a) UV-vis absorption spectrum of 1 (top), 2 (middle), and 3 (bottom) in several 
water/methanol mixtures; (b) plots of the absorbance values of the 660 nm (black) and 628 
nm (red) bands for 1 (top), the 669 nm (black) and 629 nm (red) for 2 (middle), and the 669 

















Figure S3-3: (a) UV-vis absorption spectrum of 8 (top), 9 (middle), and 10 (bottom) in 
several water/methanol mixtures; (b) plots of the absorbance values of the 677 nm (black) 
and 637 nm (red) bands for 1 (top), the 675 nm (black) and 641 nm (red) for 2 (middle), and 
the 675 nm (black) and 637 nm (red) bands for 3 (bottom) as a function of the methanol ratio 
in solution. 
 






Figure S3-4: a) Absorption (black), fluorescence emission excited at 600 nm (green) and 
excitation spectra at 760 nm (red) of compound 1 (top) and 3 (bottom) in methanol solution; 
b) Relationship between the fluorescence quantum yield and the absorbance at 685 nm for 1 










  (b) 





Figure S3-5: a) Absorption (black), fluorescence emission excited at 600 nm (green) and 
excitation spectra at 760 nm (red) of compound 8 (top), 9 (middle) and 10 (bottom) in 
methanol solution; b) Relationship between the fluorescence quantum yield and the 
absorbance at 676 nm for 8 (top), 674 nm for 9 (middle) and 675 nm for 10 (bottom) upon 
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The demand for next generation dyes which can effectively absorb and emit light in the 
NIR region has increased recently due to their applicability in solar cells,
[129,130]
 probes for 
bioimaging
[131,132]
 and as photosensitizing agents.
[133,134]
 In this regard, -conjugated organic 
molecules are good candidates, since their properties can be fine-tuned using appropriate 
synthetic modifications. Red-shifted absorption/emission can be achieved by lowering the 
energy gap between the HOMO and LUMO levels of the chromophores through extension of 
the -conjugation
[135–137]
 and/or modification with push-pull substituents.
[138,139]
 However, 
most -conjugated planar fluorophores suffer from “aggregation-caused quenching” (ACQ), 
in which their emission in the solid state is completely quenched due to formation of 
excimers.
[140,141]
 This represents a serious limitation to their applicability in imaging routines 
and for high efficiency in photovoltaic devices, as for example OLED displays, since strong 
luminescence in the solid/aggregate state is crucial for proper color contrast in these fields. 
As introduced in Chapter 1, a new class of chromophores showing weak emission in 
solution and strong emission in the solid state, the so called “aggregation induced emission” 
(AIE) behavior, was recently discovered,
[142]
 opening the way for the design of improved 
molecules and advanced materials.
[55]
 Tetraphenylethylene (TPE) is a typical molecule that 
has been widely used for the design of AIE-active molecules due to its ease of preparation 
and outstanding AIE effect.
[140]
 In most cases, however, TPE modified fluorophores show 
blue/green fluorescence
[143–145]
 due to a small conjugation and absence of intramolecular 
charge-transfer transitions.  
In an attempt to obtain novel AIE fluorophores with red-shifted absorption/emission, we 
designed the TPE modified dinitrile 4 depicted in Scheme 4-1. The vinylene bridge is 
expected to expand the overallconjugation of the molecule by communicating the TPE 
moieties, while the two cyano groups can enhance its polarizability, resulting in large Stokes 
shifts and thus their emission may appear at lower energy. Since the fluorescence turn-on of 
AIE-active chromophores is directly related to the rotational freedom of the phenyl rings in 
the packing structure, we also synthesized dinitrile 8, containing diphenylphenanthrene (DPP) 
moieties. DPP is a TPE analogue in which two of the four benzene rings are locked by a 
covalent bond to form a phenanthrene unit. The photophysical properties of partially locked 
TPE derivatives have already been reported in the literature
[146,147]
, however, these studies 
were limited to simple model molecules, mainly to verify the restriction of the intramolecular 
rotation (RIR) mechanism.  
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In this work, we show that phenyl locking in expanded structures such as the dinitriles 
can lead to intriguing differences in the properties of these compounds. Since the E/Z isomers 
of both 4 and 8 could be easily separated by conventional column chromatographic 
procedures, we also investigated their photophysical properties separately. This is a rare case 
in the chemistry of AIE-active chromophores since the isolation of stereoisomers of TPE 
derivatives is considerably difficult.
[148]
 We found that not only different fluorescence 
profiles, but also distinct chromic responses upon external stimuli were found for the 
stereoisomers of 4 and 8. In this sense, we believe our work can further contribute for 




Scheme 4-1: Molecular structures of compounds 4 and 8. 
 
 
2-Butenedinitriles are also starting materials for the synthesis of tetraazaporphyrins 
(TAPs), which are robust dyes with intense absorption in the NIR region as well as high 
chemical stability.
[149]
 Compared to the parent phthalocyanines (Pcs), the electronic 
properties of TAPs are more strongly affected by peripheral modification because the 
substituents are directly linked to the -conjugated core. Although a variety of TAPs have 
been successfully synthesized to date,
[150]
 their photophysical properties have been scarcely 
investigated when compared to porphyrins and Pcs. In addition, it was shown that octaaryl 
substituted TAPs have very low fluorescence quantum yields in solution
[20]
 and thus finding a 
way to increase their emission efficiency is crucial for widening their application field. As 
discussed in Chapter 1, ACQ type chromophores, such as perylene and BODIPY, can be 
transformed into AIE-active luminophores through the attachment of TPE units onto their 
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structure. In a similar fashion, we attempted the cyclization of 4 and 8 to yield TAPs 9-12 in 
which eight TPE/DPP groups are directly attached to the central ring via the -positions of 
the pyrrol units. The fluorescence efficiency of TAPs is highly dependent on the substituent 
groups attached to the ring as well as the symmetry of the molecule.
[151]
 However, due to 
their planar, rigid conjugated skeleton, TAPs often suffer from the ACQ effect, which 
quenches their fluorescence in the solid/aggregate state. To the best of our knowledge, this is 
the first example of TAPs adorned with AIE-active moieties, and their syntheses, 































C NMR spectra were obtained on a Bruker AVANCE III 500 spectrometer. The 
spectra were referenced to the residual solvent as an internal standard. MALDI-TOF mass 
spectra were obtained on an AB Sciex 4800Plus TOF/TOF Analyzer. Electronic absorption 
spectra and fluorescence spectra were recorded on JASCO V-570 and HITACHI F-4500 
spectrophotometers, respectively. Absolute fluorescence quantum yields were measured 
using a Hamamatsu C9920-03G calibrated integrating sphere system. MCD spectra were 
recorded on a JASCO J-725 spectrodichrometer with a magnetic field of up to 1.03 Tesla, 
with both parallel and anti-parallel fields. 
 
2.2. Materials and methods 
All solvents and reagents were used without purification unless otherwise specified. 
Dehydrated DMSO was purchased by Wako Pure Chemicals Industries Ltd., while CH2Cl2 
and CCl4 were distilled over CaH2 and stored in molecular sieves prior to use. N-
bromosuccinimide (NBS) was recrystallized by the slow cooling of a saturated solution in 





experiments were conducted by using NMR tubes containing 4.5 mM 
solutions of pure 4E, 4Z or 8E, 8Z in CDCl3. The tubes were placed 5 cm from a UV lamp 
(365 nm, 9.0 W) and were irradiated for 4 hours, during which the 
1
H NMR spectra were 
registered at defined intervals. The THF/water experiments were performed by preparing a 
1.0 mM stock solution of samples in THF and adding 20 L of this solution to each 
THF/water mixture with a final volume of 3 mL. After homogenizing the solution, the 
fluorescence quantum yields were measured immediately. The cyclic voltammetry (CV) and 
differential pulse voltammetry (DPV) measurements were performed on a Hokuto Denko 
HZ5000 potentiostat. A glassy carbon electrode (area = 0.07 cm
2
), platinum wire and 
Ag/AgCl electrode were used as working, counter and reference electrodes, respectively. The 
sample concentration was set to 1 mM in a 0.1 M solution of tert-butylammonium 
perchlorate (TBAP) as supporting electrolyte in distilled CH2Cl2. The solution was deaerated 




by N2 bubbling for 20 min prior to measurement. Sweep rates were set to 100 mV/s and the 
ferrocenium/ferrocene couple was used as an internal standard. 
Crystals suitable for X-ray analysis were obtained for the dinitriles by slow vapor 
diffusion at room temperature using the following solvent combinations (good solvent/poor 
solvent): 4E (CHCl3/MeOH); 4Z (CHCl3/hexane); 8E (toluene/hexane); 8Z (CH2Cl2/pentane). 
The diffraction data were collected using a Bruker APEXII CCD diffractometer with Bruker 
Helios multilayered confocal mirror monochromatized MoK radiation (λ = 0.71073 Å) at –
173°C. The structures were solved by a direct method (SIR2004)
[154]
 and refined using a full-
matrix least squares technique (SHELXL-97).
[155]
 Yadokari-XG 2009 software was used as a 
GUI for SHELXL-97.
[156,157]
 All non-hydrogen atoms were refined anisotropically. For 8Z, 
some large electron peaks due to a solvent molecule(s) were found in the unit cell. As we 
failed to model them properly, the remaining molecules were refined without the effect of the 
solvent molecule(s) by the Platon squeeze technique.
[158,159]
 CCDC-1034202, 1034203, 
1034204, and 1034205 contain the supplementary crystallographic data for 4E, 4Z, 8E, and 
8Z, respectively. These data can be obtained free of charge from the Crystallographic Data 
Centre via www.ccdc.cam.ac.uk/data_request/cif. 
 
2.3. Synthesis and characterization 
 
2.3.1. 2-(4-(1,2,2-triphenylvinyl)phenyl)acetonitrile (3) 
In a round bottom flask, potassium cyanide (247 mg, 3.8 mmol) was dissolved in 
dehydrated DMSO (20 mL) at 90°C. Compound 2 (1.5 g, 3.5 mmol) was then added to the 
mixture, which was stirred at the same temperature for 2 h. After cooling the flask to room 
temperature, the reaction mixture was poured into water (100 mL) and extracted with ethyl 
acetate. The organic layers were collected, dried over MgSO4, and the solvent removed. 
Purification by silica gel column chromatography with CHCl3/hexane (9:1 v/v) as eluent 
yielded the pure compound as a yellow powder. Yield: 814 mg, 63%. 
1
H NMR in CDCl3 (, 









2.3.2. 2,3-bis(4-(1,2,2-triphenylvinyl)phenyl)but-2-ene-dinitrile (4) 
Sodium methoxide (Na 62 mg, 2.68 mmol) in methanol solution (3 mL) was added 
dropwise to a mixture of 3 (500 mg, 1.34 mmol), I2 (339 mg, 1.34 mmol) and diethyl ether (8 
mL) for 20 min under stirring at 0°C. After the addition, the mixture was allowed to react for 
30 min and immediately filtered followed by washing with cold methanol to remove any 
excess of iodine. The title compound was obtained as a mixture of regioisomers (4E and 4Z, 
240 mg, 49%). Finally 4E and 4Z were separated by silica gel column chromatography with 
CHCl3 as eluent. To avoid isomerization, solutions of pure isomers were protected from light 
exposure during all process. 4Z: Mp 210-215°C. MALDI-TOF-MS m/z calcd. for [M]
+
: 
738.31. Found: 738.39. 
1
H NMR in CDCl3 (, ppm): 7.13-6.94 (m, 38H). 4E: Mp 257°C. 
MALDI-TOF-MS m/z found: 738.40.
 1
H NMR in CDCl3 (, ppm): 7.53 (d, 4H), 7.14-7.08 (m, 
22H), 7.03-7.00 (m, 12H). 
 
2.3.3. 3-(bromomethyl)-9,10-diphenylphenanthrene (6) 
Compound 5 (1.0 g, 3.0 mmol), NBS (622 mg, 3.5 mmol) and benzoyl peroxide (7 mg, 
0.03 mmol) were refluxed in CCl4 (60 mL) for 12 h, then the reaction mixture was quenched 
with sat. Na2S2O3aq. The organic layer was washed with water, dried over MgSO4, filtered 
and concentrated. The crude product was purified by silica gel column chromatography with 
CHCl3/hexane (1:2 v/v) as eluent. Yield: 900 mg, 71%. MALDI-TOF-MS m/z Calcd. for 
[M]
+
: 422.1. Found: 422.9. 
1
H NMR in CDCl3 (, ppm): 8.80 (s, 1H), 8.79 (d, J = 5.5 Hz, 1H), 
7.69 (m, 2H), 7.53 (m, 4H), 7.25-7.12 (m, 9H), 4.78 (s, 2H). 
13
C NMR in CDCl3 (, ppm): 
139.36, 137.96, 136.96, 135.69, 132.14, 131.77, 131.01, 130.08, 129.73, 128.66, 127.99, 
127.67, 127.38, 126.96, 126.63, 123.03, 122.51, 34.19. 
 
2.3.4. 2-(9,10-diphenylphenanthren-3-yl)acetonitrile (7) 
In a round bottom flask, KCN (182 mg, 2.8 mmol) was dissolved in DMSO (10 mL) at 
90°C. 6 (600 mg, 1.4 mmol) and NaI (104.9 mg, 0.71 mmol) were then loaded into the flask 
and the mixture allowed to react for 3 h. After cooling to room temperature, the mixture was 
poured into 100 mL of sat. NaHCO3aq and extracted with CHCl3. The organic layer was 
concentrated and the crude product purified by silica gel column chromatography with 





H NMR in CDCl3 (, ppm): 8.80 (d, J = 8.5 Hz, 1H), 8.76 (s, 1H), 7.70 (td, 




1H), 7.57 (d, J = 8.0 Hz, 1H), 7.52 (d, J = 7.0 Hz, 1H), 7.48 (d, J = 7.0 Hz, 1H), 7.39 (dd, 
1H), 7.24-7.12 (m, 10H), 4.03 (s, 2H). 
13
C NMR in CDCl3 (, ppm): 139.26, 137.88, 136.82, 
132.22, 131.82, 131.47, 130.98, 130.35, 129.48, 128.93, 128.01, 127.71, 127.17, 126.72, 
126.12, 122.51, 121.86, 117.95, 24.10. 
 
2.3.5. 2,3-bis(9,10-diphenylphenanthren-3-yl)but-2-enedinitrile (8) 
7 (100 mg, 0.27 mmol), I2 (68.7 mg, 0.27 mmol) and THF (5 mL) were placed in a round 
bottom flask and cooled to –35°C. Sodium methoxide (Na 14 mg, 0.6 mmol) in methanol 
solution (1 mL) was then added dropwise to the stirring mixture which was left to react for 
further 10 min. The mixture was diluted with CHCl3, washed with sat. Na2S2O3aq, and the 
organic layer collected and dried over MgSO4. The E and Z isomers were isolated by silica 
gel chromatography with CHCl3/hexane (9:1) as eluent. Yield: 14 mg of 8E (14%) and 10 mg 
of 8Z (10%). 8E: Mp >300°C. MALDI-TOF-MS m/z Calcd. for [M]
+
: 734.27. Found: 734.13. 
1
H NMR in CDCl3 (, ppm): 9.42 (s, 2H), 8.90 (d, J = 8.4 Hz, 2H), 8.00 (d, J = 8.6 Hz, 2H), 
7.74 (t, 4H), 7.61 (d, J = 7.5 Hz, 2H), 7.56 (t, 2H), 7.28-7.22 (m, 12H), 7.19-7.17 (m, 8H). 
8Z: Mp 190-195°C. MALDI-TOF-MS m/z found: 734.15. 
1
H NMR in CDCl3 (, ppm): 8.95 
(s, 2H), 8.47 (d, J = 8.2 Hz, 2H), 7.60 (t, 2H), 7.56 (d, J = 6.9 Hz, 2H), 7.52 (d, J = 7.0 Hz, 
2H), 7.40 (d, J = 8.7 Hz, 2H), 7.36 (d, 2H), 7.23-7.10 (m, 16H), 7.03 (m, 4H). 
 
2.3.6. Free-base TAP 9 
Magnesium powder (3.5 mg, 0.15 mmol) and a small crystal of I2 were added to 1-butanol 
(3 mL) and the mixture heated to reflux. After dissolution of all the magnesium, 4Z (50 mg, 
0.067 mmol) was added to the solution, heated for 4 h, and the solvent removed by reduced 
pressure to yield a dark green solid. The crude product was dissolved in 5 mL of CH2Cl2 and 
some drops of TFA were added to the solution at room temperature. After checking that the 
demetallation was completed by UV-vis spectroscopy, the solution was washed with sat. 
NaHCO3aq and the organic layer collected. The title compound was obtained as a purple 
solid after successive recrystallizations with CH2Cl2/EtOH. Yield: 10 mg, 20%. HR-MALDI-
FTICR-MS m/z calcd. for [M]
+
: 2957.2357. Found: 2957.2395. 
1
H NMR in CDCl3 (, ppm): 
7.97 (d, J = 8.0 Hz, 12H), 7.22-7.20 (m, 28H), 7.18-7.03 (m, 112H). 
 
 




2.3.7. ZnTAP 10 
Free-base porphyrazine 9 (10 mg, 3.52 mol) and zinc acetate (6.5 mg, 35 mol) were 
heated in dehydrated DMF (1.5 mL) at 120°C for 1 h. After cooling to room temperature, the 
mixture was poured into water and filtered, followed by washing with methanol. The product 
was recrystallized from CH2Cl2/hexane to yield the pure compound as a green powder. Yield: 
8.8 mg, 83%. HR-MALDI-FTICR-MS m/z calcd. for [M]
+
: 3020.1521. Found: 3020.1542. 
1
H 
NMR in CDCl3 (, ppm): 8.03 (d, J = 8.0 Hz, 12H), 7.23-7.20 (m, 28H), 7.19-7.04 (m, 112H). 
 
2.3.8. Free-base TAP 11 
Magnesium powder (1.0 mg, 0.04 mmol) was dissolved in 1-pentanol (1.5 mL) at 175°C 
for 1 h. 8Z (10 mg, 0.014 mmol) was then added to the slurry and heated for 3 h, with light 
shielding. After cooling to room temperature, the mixture was poured into methanol and the 
precipitate filtered and washed with methanol. The crude product was dissolved in CH2Cl2 (2 
mL) and stirred for 30 min at room temperature after addition of some drops of TFA. The 
solution was washed with sat. NaHCO3aq and purified by silica gel column chromatography 
with CHCl3/hexane (1:1 v/v) as eluent. Yield: 1.8 mg, 18%. HR-MALDI-FTICR-MS m/z 
calcd. for [M]
+
: 2941.1105. Found: 2941.1166. 
1
H NMR in CDCl3 (, ppm): 10.28 (s, 8H), 
8.12 (d, J = 8.3 Hz, 8H), 8.05 (d, J = 8.5 Hz, 8H), 7.51 (d, J = 8.4 Hz, 8H), 7.40 (d, J = 8.2 
Hz, 8H), 7.32 (t, 8H), 7.23-7.17 (m, 80H), 6.91 (t, 8H). 
 
2.3.9. ZnTAP 12 
Free-base 11 (2.5 mg, 0.8mol) and zinc acetate (1.6 mg, 8.0 mol) were heated in 
dehydrated DMF (1 mL) at 110°C for 2 h. The reaction mixture was poured into water, and 
the blue precipitate filtered and washed with water and methanol until the solution became 





H NMR in CDCl3 (, ppm): 10.33 (s, 8H), 8.13 (d, J = 8.5 Hz, 8H), 8.06 
(d, J = 8.7 Hz, 8H), 7.51 (d, J = 8.4 Hz, 8H), 7.40 (d, J = 8.2 Hz, 8H), 7.30 (t, 8H), 7.24-7.18 
(m, 80H), 6.89 (t, 8H). 




3. Results and discussion 
 
3.1. Synthesis 
The synthetic route for dinitriles 4 and 8 is shown in Scheme 4-2. Compounds 3 and 7 
were prepared by the Kolbe nitrile synthesis, followed by dimerization in the presence of a 
strong base. This is a conventional procedure for the preparation of dinitriles due to its 
straightforward steps and moderate to good yields.
[160]
 Dinitriles 4 and 8 were obtained as a 
mixture of E/Z isomers. The oxidation of the TPE unit of 1 generated the DPP derivative 5 as 
the sole product, since the methyl group is responsible for the regioselective oxidation of the 
closest phenyl rings.
[153]
 To illustrate this, the same oxidative reaction was done using 
compound 3 as a precursor, and a mixture of two isomers was obtained in a 6:1 ratio (Scheme 
S4-1 in the Supplementary data), as confirmed by 
1
H NMR. This is explained by the electron-
withdrawing nature of the cyano group, which removes electron density from the closest 
phenyl rings, making it more favorable for the reaction to occur on the opposite side of the 
TPE moiety. 
There are very limited reports on the distinct AIE behavior of pure E/Z stereoisomers, due 
to the difficulty of the separation step. Attaching long alkyl chains to a TPE derivative can be 
used as an approach to increase the molecule´s size and facilitate stereoisomer separation, as 
shown by Tang and co-workers.
[148]
 However, the crystallinity of the pure isomers was 
lowered by the alkyl length, preventing their characterization in the solid state through single 
crystal X-ray analysis. In our case, pure E and Z isomers of both 4 and 8 were easily obtained 
by simple separation using silica gel chromatography, without further modification of the 
molecules. The structures of the pure isomers were also unambiguously elucidated by single 
crystal X-ray diffraction analysis (vide infra). 
Finally, the free-base TAPs 9 and 11 were prepared in overall yields of ca. 20% from a 
template reaction with magnesium alkoxide, followed by demetallation with trifluoroacetic 
acid. All TAPs were obtained in moderate yield, even with the bulky nature of the TPE or 
DPP substituents. The coordination of closed-shell metals to porphyrazines usually enhances 
their fluorescence compared to the uncoordinated ligands, as a result of the increase in the 
symmetry of the macrocycle.
[151]
 In this sense, we also prepared Zn(II)TAPs 10 and 12 by the 
metal insertion reaction using zinc(II) acetate in DMF and compared their photophysical 
properties with the corresponding macrocycles 9 and 11. All TAPs could be characterized by 
1
H NMR and HR-MALDI-FT-ICR mass spectrometry. Unfortunately, suitable single crystals 




for X-ray diffraction analysis could not be obtained. The 
1
H NMR spectra of 9-12 (Figures 
S4-1 to S4-4) showed downfield shifted signals for the protons of TPE and phenanthrene 
units compared to 4 and 8, due to the contribution of the aromatic ring current of the 
tetraazaporphyrin macrocycle. The sharpness of the peaks also indicates the absence of 




















Scheme 4-2: Synthesis of the compounds studied in this work. Reagents and conditions: (i) 
NBS, benzoyl peroxide, CCl4, reflux, overnight; (ii) KCN, DMSO, 90°C, 2 h; (iii) NaOMe, I2, 
diethyl ether, 0°C, 30 min; (iv) Mg, 1-butanol, reflux, 4 h; (v) DDQ, MeSO3H, CH2Cl2, 0°C, 
30 min; (vi) NaOMe, I2, THF, –35°C, 10 min; (vii) Mg, 1-pentanol, 175°C, 1 h; (viii) 









3.2. Dinitriles - E/Z isomerization experiment in solution 
The distinct 
1
H NMR spectra of 4 and 8 allowed their unambiguous characterization, as 
well as a clear investigation of the E/Z isomerization process (Figure 4-1). 4Z peaks at ca. 
7.10 and 7.00 ppm (Figure 4-1d) are absent for 4E, while the low-field shifted doublet at  = 
7.54 ppm is exclusive for the latter (Figure 4-1a). In the spectra of 8, on the other hand, the 
phenanthrene unit protons are considerably shifted to low-field compared to the phenyl 
protons, with larger chemical shifts observed for the E form. E/Z isomerization upon UV 
light irradiation is commonly observed in the chemistry of olefins and a detailed study on this 




To obtain quantitative results on the isomerization equilibrium of 4 and 8, the sample 
concentration; distance from the UV lamp; and time of irradiation were fixed. Starting from 
solutions of pure E and Z isomers, the isomerization reaction clearly proceeded for both 4 and 
8, as shown in Figures 4-1, S4-5 and S4-6. The interconversion rates were fast at the 
beginning, being noticeable even for the first minutes of irradiation, and slowed down until 
reaching equilibrium as depicted in Figure 4-2. Interestingly, not only the isomerization 
kinetics were approximately twice faster for 8 (ca. 90 min) compared to 4 (ca. 180 min), but 
also the final mixture differed from the 50:50 E/Z ratio (%) in both cases. When the 
equilibrium was reached, the E:Z ratios found for 4 and 8 were 59:41 and 46:54, respectively, 
indicating that the most stable stereoisomer was also different for these dinitriles. No 
isomerization was observed by light irradiation of the samples in the solid state, due to the 
locked conformation of the compounds in the packing structure. 
To further support the observed results, we carried out theoretical calculations on the total 
energy of the molecules (see supplementary data section for details). The difference between 
the Gibbs free energy of the E and Z isomers (G = GE – GZ) for 4 was found to be –0.58 
kcal/mol, indicating a slightly higher thermodynamic stability for the E form. In contrast, the 
positive G value of 28.4 kcal/mol found for 8 suggests an improved stability for the Z 
isomer. These trends support the experimental data obtained from the 
1
H NMR analysis. 
 





Figure 4-1: Top: 
1
H NMR spectra of CDCl3 solutions of (a) 4E and (d) 4Z after UV light 
irradiation for 180 min (b,c). Bottom: 
1
H NMR spectra of CDCl3 solutions of (e) 8E  and (h) 










Figure 4-2: Plot of the percentage of E isomer present in the solutions of the dinitriles after 
each UV light irradiation interval.  
 
3.3. Dinitriles - Photophysical properties in solution 
The AIE behavior of the dinitriles stereoisomers was investigated in THF/water mixtures 
as shown in Figure 4-3 for 4E and 8Z and Figure S4-7 for 4Z and 8E. The dinitriles are 
emissive to some extent in pure THF solution, showing a broad emission peak around 640 nm 
for 4 and 560 nm for 8. The fluorescence intensity of nitriles 4E and 4Z decreased 
progressively by increasing the proportion of water in the mixtures, due to the rise in the 
polarity of the medium.  
In the mixtures of over 60% water, the fluorescence peak blue-shifted and the intensity 
sharply increased until reaching a maximum quantum yield (F) of ca. 40% in pure water, 
which is similar to theF values found in the solid state (vide infra). This indicates that the 
molecules aggregate as the amount of poor solvent increases over 60%, preventing the 
rotation of the phenyl rings and opening up the fluorescence pathway. A 12-fold increase in 
the F values of 4E and 4Z was observed in solution upon aggregation, confirming the 




aggregation-induced emission enhancement (AIEE) properties. Dinitriles 8E and 8Z, on the 
other hand, showed an almost constant emission efficiency up to 80% of water fraction, 
followed then by a sharp increase in fluorescence for the 99% mixture. An approximate 4-
fold increase in the F was observed for 8E and 8Z, representing a weaker AIEE effect 















Figure 4-3: Fluorescence spectra of (A) 4E and (C) 8Z and fluorescence quantum yields (F) 
of (B) 4E,Z and (D) 8E,Z in water/THF mixtures. Inset pictures: (A) 4E solutions with water 
fraction (fw) of 0, 60, 90 and 99% (from left to right) and (C) 8Z solutions with fw of 0% (left) 








As mentioned in the introduction, compounds 4 and 8 are composed of TPE/ DPP and CN 
units, which act as electron donating and electron accepting moieties, respectively. This push-
pull structure results in transitions with strong intramolecular charge transfer (CT) character 
which can be tuned by varying the polarity of the solution. With this in mind, we investigated 
the absorption and emission spectra of these compounds in a series of solvents as shown in 
Figure 4-4A and 4-4B for 4E and 8Z and Figure S4-8 for 4Z and 8E. Although only small 
changes in the absorption spectra of the four dinitriles were observed, their emission spectra 
were significantly red-shifted upon increasing the solvent polarity from toluene to ethanol. 
The emission shift from 584 nm (toluene) to 639 nm (ethanol) for 4E, for example, was 
enough to produce a visual color change in the solution from yellow to dark red (Figure 4-
4D). However, 8E and 8Z showed an initial green fluorescence as a result of their blue 
shifted emission, and the visual color change was marginal compared to 4. To quantify the 
solvatochromism effect of these compounds we used the Lippert-Mataga equation [Eq. (4-1)], 
which correlates the Stokes shift () with the solvent polarity parameter (f, as follows:
[163]
 









 + constant                        (Eq. 4-1)     
 
where, a and f are the absorption and fluorescence peak wavelengths, respectively, h is the 
Planck constant, c is the speed of light, a is the Onsager solvent cavity radius, and E and G 
stand for the dipole moments in the ground and excited states, respectively.  
The solvent polarity parameter can be calculated from the dielectric constant ( and 
refractive index (n) of the solvents by Eq.4-2 and all data is summarized in Table 4-1. 






                                    (Eq. 4-2)  
The correlation plots between  and f for the dinitriles (Figure 4-4C) show an 
ascendant linear tendency with increasing solvent polarity, indicating their solvatochromic 
properties. Upon linear fitting, large slopes were found for 4E (7940) and 4Z (7500), which 
represent stronger solvatochromism than 8E (3860), 8Z (6180) and those reported for other 
donor-acceptor AIE-active chromophores.
[164–166]
 In addition, the larger stokes shifts 
observed for 4 compared to 8 further push their emission towards the NIR region, making 
them more appropriate candidates for the design of NIR emitting materials. The results 
obtained from the photophysical analysis of these dinitriles in solution showed that the 




control of the number of rotational rings in these types of chromophore affects not only their 




Figure 4-4: Absorption and fluorescence spectra (excited at 390 nm) for (A) 4E and (B) 8Z 
in different solvents. Interference peaks were removed for clarity. (C) Lippert-Mataga plots 
for all dinitriles. (D) Pictures of dinitrile solutions in pure toluene, THF and ethanol upon UV 












Table 4-1: Solvatochromism properties of the E and Z stereoisomers of 4 and 8. 
 Solvent Toluene CHCl3 Et2O THF CH2Cl2 EtOH 
 f 0.0132 0.1315 0.1633 0.2084 0.2165 0.2890 
4E 
max abs. (nm) 420 428 411 410 416 409 
max em. (nm) 584 618 585 618 631 639 
cm

 6720 7200 7250 8210 8190 8790 
F (%) 15.6 18.5 10.7 10.9 12.1 6.1 
4Z 
max abs. (nm) 406 410 399 395 403 396 
max em. (nm) 589 619 590 616 632 642 
cm

 7660 8240 8110 9080 8990 8790 
F (%) 11.6 13.4 8.8 8.4 8.9 2.7 
8E 
max abs. (nm) 418 420 407 406 414 404 
max em. (nm) 542 561 536 550 561 546* 
cm

 5470 5980 5910 6450 6330 6440 
F (%) 15.0 8.1 7.6 6.7 5.0 20.3* 
8Z 
max abs. (nm) 412 417 404 399 412 399 
max em. (nm) 539 560 535 550 562 574 
cm

 5790 6120 6010 6880 6480 7580 
F (%) 15.5 7.5 7.5 6.3 4.6 5.9 
* Due to its low solubility in EtOH, 8Z may be partially aggregated, explaining the blue-shifted emission and 
the higherF value than expected. 
 
 
3.4. Dinitriles - Photophysical properties in the solid state 
The AIEE behavior observed for the dinitriles in the water/THF experiment suggests that 
these compounds should also have strong fluorescence in the solid state. Indeed, the 
fluorescence spectra of the dried powders of 4 and 8 showed a strong emission band in the 
500-600 nm region, which is broader than in solution and extends further into the NIR region 
(Figure S4-9). Their emission maxima as well as fluorescence quantum yields are 
summarized in Table 4-2. Photofunctional materials that respond to thermal, optical and 
mechanical stimuli are promising for various applications.
[167]
 As shown in Figure 4-5, the 
emission band of 4E powder underwent a 30 nm red-shift from 549 nm to 579 nm upon 
mechanical stimuli (grinding or manually pressing), which was enough to produce a visual 
color change in the powder from yellow to orange. When the pressed powder was exposed to 




CHCl3 vapors for 3 minutes the emission band blue-shifted back to 549 nm, regenerating the 
original yellow color. In fact, the color change was visual even during the first 10 seconds of 
fuming with CHCl3, representing a rapid vapochromic response. 4Z showed a similar 
response, however, the shift of the emission band upon pressuring-fuming was smaller (20 
nm), and also with a less noticeable color change, mainly due to its longer emission 
wavelength compared to 4E. When the pressed powder was exposed to different organic 
solvents, CHCl3, THF and CH2Cl2 showed similar responses, while hexane and ethanol were 
found to induce a poorer response in the compound’s emissions (data not shown). Since the 
dinitrile solubility is much higher in the first three solvents than the last two, the fluorescence 
change may involve an interaction between 4E and solvent molecules, rather than a solvent 
polarity response. 
 
Table 4-2: Emission wavelength maxima (em) and absolute fluorescence quantum yields 




































4E 549 52.2 579 45.4 549 43.2 601 50.9 590 41.8 
4Z 587 47.9 599 43.7 579 55.5 613 44.7 637 33.7 
8E 576 52.3 580 59.9 560 57.9 569 28.9 564 26.9 
8Z 591 25.1 591 24.8 558 45.5 585 22.8 572 16.8 
Excitation at 390 nm. a- fumed with CHCl3 for 3 minutes; b- prepared by dropping a concentrated solution of 
the dinitrile in CHCl3 onto the substrate. c- at fw of 99%. 
 
The fluorescence response of these luminophores was further investigated upon thermal 
treatment of their powders. As shown in Figure 4-6, heating the pressed powder of 4E and 4Z 
at 140°C was also efficient for promoting reorganization of the molecular packing and 
consequently blue-shifting their emission by 20 to 30 nm.  
 





Figure 4-5: Top: (A) 4E and (B) 4Z samples in daylight and under UV light irradiation (365 
nm) upon pressuring (P), fuming with CHCl3 (F) and heating at 140
o
C (H). The thin films 
were prepared by dropping a concentrated solution of the dinitrile in CHCl3 directly onto the 
quartz sample holder. Bottom: changes in the fluorescence spectra of (A) 4E and (B) 4Z upon 
external stimuli. Excitation at 365 nm. 




For both pressuring-fuming and pressuring-heating cycles, the samples showed 
good reversibility and stability. The DPP substituted dinitriles 8E and 8Z showed 
piezo- and vapochromic behavior as well, with a color change from orange (pressed 
powder) to yellow (fumed powder) under the same experimental conditions (Figure 
S4-10). On the other hand, their emission response under thermal treatment was much 
poorer than that of 4E and 4Z. For 8E, no changes were observed in the fluorescence 
band at 140°C, even after several minutes of heating, and at 210°C the emission 
maxima was shifted by only 12 nm. Compound 8Z showed no thermal response, even 
by heating the sample near its melting point (190°C) for several minutes. The 
pressuring-fuming (8E and 8Z) and pressuring-heating (8E) cycles were reversible, 
such that no decomposition of the samples was observed (Figure S4-11). 
Interestingly, while the F values for the E isomers of 4 and 8 showed no significant 
change during the pressuring-fuming or pressuring-heating cycles, the values for the Z 
isomers were dependent on the crystallinity of the sample. As shown in Table 4-2 and Figure 
S4-11B, 8Z in particular showed a remarkable fluorescence decrease from the fumed powder 
(45.5%) to the pressed powder (24.8%), which was also reversible upon cycling. This 
represents an example of crystallization-induced emission enhancement (CIEE), which has 
been observed for only a very limited number of molecules to date.
[168]
 Similarly to the 
pressed powders, the thin films of the dinitriles (Figure 4-5) showed red-shifted emission 
bands, owing to their amorphous structure. A closer look at their fluorescence quantum yields 
summarized in Table 4-2 reveals that the values decrease from 4E to 8Z in a similar trend to 
that observed for the aggregates in the water/THF mixtures, while the F of the samples with 
best crystallinity (fumed powders) are high for all fluorophores (4358%). This indicates that 
the samples morphology, and thus molecular packing, has a strict relationship with the 
position of the emission maxima as well as the fluorescence efficiency. 
To gain further insight into the organization of the molecules in the solid state, single 
crystals of all the dinitriles were obtained for X-ray diffraction analysis. The X-ray 
crystallographic structures of the dinitriles are shown in Figure 4-7. The phenyl rings in the 
TPE units of 4E and 4Z are oriented in a propeller-shape manner, with torsion angles varying 
between 41-63°. The phenyl rings connected to the central ethylene bridge are also twisted 
from its plane by 28° and 34° for 4E and 4Z, respectively. This deviation from planarity leads 
to a poorer overall conjugation in the molecule, explaining why the crystalline samples show 
blue-shifted emission compared to the amorphous state, in which the phenyl moieties are 




more free to rotate. The separation between the bulky TPE units in 4E is larger than in 4Z, 




Figure 4-6: Reversibility of the fluorescence emission wavelength of (A) 4E and (B) 4Z 
upon manual pressuring and fuming with CHCl3 or heating at 140°C for 3 min. 






Figure 4-7. X-ray crystal structures (hydrogen atoms omitted) and packing diagrams of (A) 
4E, (B) 4Z, (C) 8E and (D) 8Z. The thermal ellipsoids were scaled to the 50% probability 
level. Solvent molecules were omitted for clarity. 
 
 




Compounds 8E and 8Z showed more pronounced distortions, with phenyl-phenanthrene 
torsion angles of 69-80° and phenanthrene-ethylene angles of 35° and 40°, respectively. A 
closer look at the molecular structure of 8Z also suggests the presence of an intramolecular 
parallel-displaced  stacking
[169,170]
 between the phenanthrene units, with a centroid-
centroid separation (Rcen) of 4.46Å and parallel-displacement angle ( of 30° (Scheme S4-2). 
This distance is even shorter than those found for anthracene-based aromatic compounds 
which show strong  interaction
[171]
, resulting in an effective energetic contribution for this 
stereoisomer. Such interaction may account for the higher thermodynamic stability of 8Z 
over 8E in solution. No intermolecular - stacking was found in the packing structure of the 
dinitriles, as a result of their twisted nature. However, intermolecular C-Hand C-NH 
interactions with distances of ca. 3.0Å and 2.4Å were observed, leading to the locking of the 
phenyl rotors in the crystal. The absence of - stacking, and the rotation block of the phenyl 
rings are responsible for the strong fluorescence of these compounds in the crystalline state. 
In order to enhance the interpretation of the mechanochromic behavior, we conducted powder 
X-ray diffraction (XRD) measurements for 4E as depicted in Figure S4-12. The as-prepared 
powder showed sharp reflection peaks due to its microcrystalline structure. Upon pressuring, 
the peaks became weaker and broader, indicating a more amorphous character of the powder 
by partial disruption of the molecular packing. After fuming with CHCl3 for 3 min, the 
intensity and sharpness of the reflection peaks were regenerated, suggesting that CHCl3 
molecules are effective for re-ordering the microcrystalline structure. 
 To demonstrate the applicability of the chromism properties of these fluorophores, the 
powder of 4E was dispersed on a filter paper, and the Chinese characters for "Tohoku 
University" were written by scratching the paper with a spatula (Figure 4-8). Under UV-
irradiation, the yellow background fluorescence and the orange emission from the characters 
produced a strong contrast for a clear image of the written content. Upon fuming the paper 
with CHCl3 or CH2Cl2, or heating it at 140
o
C for five minutes, the crystallinity of the 
scratched powder was regenerated and the letters became invisible under UV light. This 
writing/erasing process could be repeated reversibly without decomposition of the 
chromophore, showing the potential application of the dinitriles for rewritable data storage, 











Figure 4-8: Writing/erasing process on a filter paper coated with 4E powder. Top: in 
daylight, bottom: in UV light (365 nm). The Chinese characters “東北大” for “Tohoku 
University” were written by scratching the paper with a spatula. Upon fuming the paper with 
organic solvents or thermal annealing it for 5 minutes, the letters were erased under both 
daylight and UV light. 
 
 
3.5. Tetraazaporphyrins: characterization and fluorescence properties 
Macrocyclization of 4Z and 8Z allowed us to investigate the photophysical behavior of 
TAPs containing AIE-active moieties such as TPE and DPP. The UV-vis and fluorescence 
spectra of 9-12 in CHCl3 are shown in Figure 4-9 and the data summarized in Table 4-3. The 
TAPs showed characteristic absorption bands ranging from the UV to NIR regions. In the 
NIR region, Zn(II)TAPs 10 and 12 showed only one Q band (674 and 682 nm, respectively), 
which split into two for the free-base TAPs 9 and 11 due to ring symmetry lowering from D4h 
to D2h. The Q bands underwent an approximate 8 nm red-shift on changing the substituents 
from TPE to DPP, reflecting the slightly higher electron-inductive nature of the phenanthrene 
units. The broad, low intensity bands in the 500 nm region may be assigned to a charge-
transfer transition from the aryl substituents to the porphyrin ring. In contrast to the Q bands, 
which arise from ring centered transitions, the CT bands are more strongly influenced by the 
nature of the substituent groups and central elements.
[175]
 
Additional information on the excited states of the TAPs was obtained by MCD 
spectroscopy (Figure 4-10). The MCD spectra of 10 and 12 showed Faraday A terms 
corresponding to their Q bands, indicating that the excited states are degenerate, as expected 
for macrocycles with high symmetry. On the other hand, free-base 9 and 11 showed Faraday 
B terms with opposite signs (Qx and Qy transitions) due to their lower symmetry. All TAPs 
showed fluorescence bands in the NIR region (over 670 nm). The small Stokes shifts 
observed (ca. 15 nm) are also reasonable
 
considering the small molecular rearrangement in 
the excited state due to the rigid structure of the macrocycle. By excitation of the TPE/DPP 




moieties at 320 nm, only TAP emission bands were observed, suggesting an electronic 
communication between the substituents and the porphyrin ring. In addition, the F did not 
change significantly by varying the excitation wavelength, and the values found for the 
ZnTAPs 10 and 12 were higher than the respective free-bases 9 and 11. The highest value 




Figure 4-9. Absorption (solid line) and fluorescence (dashed line) spectra of (A) 9, (B) 10, 
(C) 11 and (D) 12 in CHCl3. Excitation wavelength: 600 nm. 
 
Table 4-3: Absorption and fluorescence parameters of TAPs 9-12. 





9 628 / 693 672 / 706 1.5 
10 660 674 2.4 
11 639 / 701 721 / 768 2.2 
12 669 682 5.3 
a- excitation at 600 nm. 
 





























Figure 4-10: Absorption (bottom) and MCD spectra (top) of (A) 9 (black) and 10 (red); (B) 
11 (purple) and 12 (green) in CHCl3.  
 
 




To try to explain these results, we proposed a donor-acceptor system in which the energy 
levels of the TPE/DPP units (donor) and the TAP ring (acceptor) could be analyzed 
separately, since these moieties are poorly conjugated as a result of their orthogonal 
orientation.
[176,177]
 The HOMO and LUMO energy distribution was then estimated by 
measuring the cyclic and differential pulse voltammograms of the model compounds 1 and 
2,7,12,17-tetra-tert-butyl-tetraazaporphyrin [(t-butyl)4TAP] as shown in Figure S4-13. Based 
on these results, we can propose that the fluorescence quenching of the TAPs may accur via 
two possible mechanisms: (a) Förster resonance energy transfer (FRET) and (b) 
photoinduced electron exchange. The broad absorption range of the TAP macrocycle in the 
UV-vis region can effectively overlap the emission of the TPE/DPP groups, allowing FRET 
to occur. On the other hand, the lower LUMO energy of the porphyrin ring compared to the 
TPE, as well as their close-lying HOMO levels, also favor the electron-exchange process, as 
shown schematically in Figure 4-11. Both mechanisms lead to the ground state of the TPE 
moieties and excitation of the TAP macrocycle, explaining why the emission originates only 
from the central ring and with low F values. Moreover, their powders as well as aggregates 
in the THF/water mixtures are virtually non-emissive (data not shown). Obtaining NIR 
emitting TAPs with AIE properties appears to be challenging but represent significant 
progress in the chemistry of porphyrinoids. In this sense, the results obtained in this work will 
be valuable for the design and investigation of novel TAPs with high F values. 
 





Figure 4-11: Energy level distributions for compound 1 and (t-bu)4TAP based on the 
potentials taken from the CV and DPV measurements; and schematic fluorescence quenching 
mechanism for (A) Forster resonance energy transfer (FRET) and (B) photoinduced electron 
transfer (PeT). Since the 1st reduction process of 1 was not observed within the scanned 
potential window, the LUMO energy was estimated using the HOMO energy and the 

















Modification of the blue-emitting TPE and DPP moieties with electron-withdrawing 
cyano groups and vinylene linkages yielded dinitriles 4 and 8 as pure E/Z isomers which 
exhibited red-shifted absorption and emission bands as well as large stokes shifts. The E/Z 
isomerization experiments in solution showed that the number of rotational phenyl groups in 
the dinitriles determines the E/Z interconversion kinetics and thermodynamic stability of the 
stereoisomers, due to the difference in the bulkiness of the groups and the presence or 
absence of intramolecular interactions. TPE substituted dinitrile 4 showed more pronounced 
fluorescence enhancement upon aggregation (12-fold increase) as well as larger stokes shifts 
and solvatochromism compared to 8. Upon grinding or pressuring the powder samples of 4 
and 8, their emission bands were red-shifted by ca. 20-30 nm, which was enough to produce a 
visible color change from yellow to orange (mechano/piezochromism). Fuming the powders 
for several seconds was enough to regenerate their original yellow color (vapochromism). 
Moreover, heating the samples for several minutes also blue-shifted their fluorescence 
emission (thermochromism). This shows that the molecular organization in the packing 
structure has a critical influence on the fluorescence response. Interestingly, 8Z represents a 
rare example of crystallization-induced emission enhancement (CIEE) behavior, emphasizing 
that completely different properties may arise from stereoisomers of a single AIE-active 
fluorophore. The AIEE behavior and the series of chromic responses observed for 4 and 8 
make these compounds potential candidates for the design of “smart” materials for various 
purposes.  
Finally, the macrocyclization of the Z isomers of 4 and 8 yielded TAPs 9-12 with overall 
moderate yield. Their absorption bands extended from the UV to the NIR region, while their 
fluorescence spectra revealed emission bands originating only from the TAP macrocycles, 
with low fluorescence quantum yields. The fluorescence quenching of the AIE-active groups 
could be explained using a donor-acceptor model. These results can lead to the design of 













Scheme S4-1: Ratio of the products obtained from the oxidation reaction of 3 with DDQ. The 
1








H NMR spectrum of 9 in CDCl3. 












H NMR spectrum of 11 in CDCl3. 
























H NMR spectra of CDCl3 solutions of 4E (left) and 4Z (right) after a) 0 min, 
b) 15 min, c) 30 min, d) 45 min, e) 60 min and f) 180 min irradiation with UV light (365 nm). 
 







H NMR spectra of CDCl3 solutions of 8E (left) and 8Z (right) after a) 0 min, 
b) 15 min, c) 30 min, d) 45 min, e) 60 min and f) 180 min irradiation with UV light (365 nm). 
 






Figure S4-7: Fluorescence spectra of the solutions of (A) 4Z and (B) 8E in the water/THF 
mixtures. 
 






Figure S4-8: Absorption and fluorescence spectra for (A) 4Z and (B) 8E in solvents with 
different polarities. Excitation at 390 nm. Interference peaks were removed for clarity.  
 






Figure S4-9: Solid state absorption (solid line) and emission (dashed line) spectra of as-
prepared powders of (A) 4E (black) and 4Z (red) and (B) 8E (black) and 8Z (red).     
 






Figure S4-10: Fluorescence spectra of the changes in 8E (A) and 8Z (B) upon external 
stimuli. The top pictures show the samples in daylight upon pressuring (P), and fuming with 
CHCl3 (F). 
 







Figure S4-11: Reversibility of the fluorescence emission wavelength of (A) 8E and (B) 8Z 
upon manual pressuring and fuming with CHCl3 or heating at 210°C for 3 min. Numbers in 
parentheses represent the sample absolute fluorescence quantum yields (excitation at 390 nm).  
 





Scheme S4-2: Intramolecular parallel-displaced  stacking between the phenanthrene units 
of 8Z. The black solid line connects the centroids of the phenyl units and Rcen represents the 
centroid-centroid separation (4.46Å).  corresponds to the deviation angle from a parallel 
conformation (33°) and is defined by the centroid-centroid line and the normal (red dashed 
line) of the phenyl unit plane.   
 
 
Figure S4-12: XRD patterns for the as-prepared powder of 4E (A), after pressuring manually (B) 
and upon fuming the pressed powder with CHCl3 for 3 min.   






Figure S4-13: Cyclic voltammograms and differential pulse voltammograms (inset) of 



















X-ray crystallographic parameters: 
 
Table S4-1: Crystal data and structure refinement for 4E. 
Empirical formula C57H39Cl3N2  
Formula weight 858.25  
Temperature 100 K  
Wavelength 0.71073 Å  
Crystal system Triclinic  
Space group P–1 (No. 2)  
Unit cell dimensions a = 9.542(10) Å  = 95.113(15)° 
 b = 11.643(12) Å  = 100.745(14)° 




Z 2  
Density (Calcd.) 1.295 Mg/m
3
  
Absorption coefficient 0.250 mm
–1
  
F(000) 892  
Crystal size 0.40 x 0.20 x 0.15 mm
3
  
Theta range for data collection 1.88 to 28.47°  
Index ranges -12<=h<=12, -15<=k<=15, -28<=l<=28 
Reflections collected 24947  
Independent reflections 10494 [R(int) = 0.1160]  
Completeness to theta = 25.00° 94.3%  
Refinement method Full-matrix least-squares on F
2
 
Data / restraints /parameters 10494 / 108 / 596  
Goodness-of-fit on F
2
 0.939  
Final R indices [I > 2sigma(I)] R1 = 0.0810, wR2 = 0.1893 
R indices (all data) R1 = 0.1980, wR2 = 0.2610 
Largest diff. peak and hole 0.500 and -0.594 e.Å
-3
  
CCDC No. 1034202  
 
 




Table S4-2: Crystal data and structure refinement for 4Z. 
Empirical formula C56H38N2  
Formula weight 738.88  
Temperature 100 K  
Wavelength 0.71073 Å  
Crystal system Monoclinic  
Space group P21/a (No. 14)  
Unit cell dimensions a = 18.0634(17) Å  = 90° 
 b = 11.9301(11) Å  = 96.2860(10)° 




Z 4  
Density (Calcd.) 1.211 Mg/m
3
  
Absorption coefficient 0.070 mm
–1
  
F(000) 1552  
Crystal size 0.20 x 0.20 x 0.20 mm
3
  
Theta range for data collection 2.02 to 27.50°  
Index ranges -23<=h<=20, -15<=k<=15, -19<=l<=24 
Reflections collected 22933  
Independent reflections 9265 [R(int) = 0.0194]  
Completeness to theta = 25.00° 99.5%  
Refinement method Full-matrix least-squares on F
2
 
Data / restraints /parameters 9265 / 0 / 675  
Goodness-of-fit on F
2
 1.029  
Final R indices [I > 2sigma(I)] R1 = 0.0402, wR2 = 0.0892 
R indices (all data) R1 = 0.0516, wR2 = 0.0980 
Largest diff. peak and hole 0.262 and -0.265 e.Å
-3
  









Table S4-3: Crystal data and structure refinement for 8E. 
Empirical formula C56H34N2  
Formula weight 734.85  
Temperature 100 K  
Wavelength 0.71073 Å  
Crystal system Triclinic  
Space group P–1 (No. 2)  
Unit cell dimensions a = 6.5934(13) Å  = 81.787(2)° 
 b = 8.6662(17) Å  = 89.944(2)° 




Z 1  
Density (Calcd.) 1.242 Mg/m
3
  
Absorption coefficient 0.072 mm
–1
  
F(000) 384  
Crystal size 0.20 x 0.20 x 0.10 mm
3
  
Theta range for data collection 1.16 to 25.00°  
Index ranges -7<=h<=7, -10<=k<=10, -21<=l<=21 
Reflections collected 9124  
Independent reflections 3449 [R(int) = 0.0331]  
Completeness to theta = 25.00° 99.5%  
Refinement method Full-matrix least-squares on F
2
 
Data / restraints /parameters 3449 / 0 / 330  
Goodness-of-fit on F
2
 1.097  
Final R indices [I > 2sigma(I)] R1 = 0.0383, wR2 = 0.1051 
R indices (all data) R1 = 0.0556, wR2 = 0.1229 
Largest diff. peak and hole 0.204 and -0.263 e.Å
-3
  









Table S4-4: Crystal data and structure refinement for 8Z. 
Empirical formula C61H45Cl4N2  
Formula weight 947.79  
Temperature 100 K  
Wavelength 0.71073 Å  
Crystal system Monoclinic  
Space group P21/n (No. 14)  
Unit cell dimensions a = 8.497(2) Å  = 90° 
 b = 23.923(6) Å  = 90.968(3)° 




Z 4  
Density (Calcd.) 1.309 Mg/m
3
  
Absorption coefficient 0.290 mm
–1
  
F(000) 1972  
Crystal size 0.20 x 0.20 x 0.20 mm
3
  
Theta range for data collection 1.70 to 25.00°  
Index ranges -9<=h<=10, -28<=k<=27, -14<=l<=27 
Reflections collected 21792  
Independent reflections 8439 [R(int) = 0.0479]  
Completeness to theta = 25.00° 99.7%  
Refinement method Full-matrix least-squares on F
2
 
Data / restraints /parameters 8439 / 35 / 605  
Goodness-of-fit on F
2
 1.065  
Final R indices [I > 2sigma(I)] R1 = 0.0701, wR2 = 0.1650 
R indices (all data) R1 = 0.1012, wR2 = 0.1820 
Largest diff. peak and hole 0.840 and -0.552 e.Å
-3
  










All calculations were performed at the DFT level, by means of the hybrid Becke3LYP
[178–
181]
 (B3LYP) functional as implemented in Gaussian 2009. The 6-31G* basis set was used for 
all compounds. Geometry optimization and vibrational analysis were performed at the same 
level. All stationary points were optimized without any symmetry assumptions and 
characterized by normal coordinate analysis at the same level of the theory (number of 
imaginary frequency, Nimag, 0). 
Cartesian Coordinates and Total Electron Energies: 
 Dinitrile 4E 
SCF Done:  E(RB3LYP) =  -2266.24942386     A.U. 
------------------------------------------------------------------------------ 
 Center     Atomic      Atomic             Coordinates (Angstroms) 
 Number     Number       Type             X           Y           Z 
 ----------------------------------------------------------------------------- 
      1          6           0        0.494227   -0.537697   -0.507390 
      2          6           0        1.957837   -0.309714   -0.473155 
      3          6           0       -0.455978    0.212500    0.148712 
      4          6           0       -1.924806    0.069424    0.020437 
      5          6           0       -2.537603   -0.255058   -1.203177 
      6          6           0       -3.917771   -0.387489   -1.292221 
      7          6           0       -4.748946   -0.174112   -0.177330 
      8          6           0       -4.130942    0.157228    1.042215 
      9          6           0       -2.752285    0.286094    1.138880 
     10          6           0       -6.226507   -0.353376   -0.284393 
     11          6           0       -6.652855   -1.578075   -1.029290 
     12          6           0       -7.118897    0.534533    0.250829 
     13          6           0       -6.712769    1.887169    0.739102 
     14          6           0       -8.575385    0.230870    0.386215 
     15          6           0       -7.595842   -1.504950   -2.068610 
     16          6           0       -7.961447   -2.644015   -2.784048 
     17          6           0       -7.392586   -3.881354   -2.475863 
     18          6           0       -6.446888   -3.968383   -1.452254 
     19          6           0       -6.073951   -2.827216   -0.743826 
     20          6           0       -7.143418    2.353457    1.994103 
     21          6           0       -6.778948    3.618968    2.450311 
     22          6           0       -5.996848    4.455986    1.651228 
     23          6           0       -5.583642    4.016792    0.392161 
     24          6           0       -5.937595    2.746030   -0.058627 
     25          6           0       -9.019126   -0.976462    0.952779 
     26          6           0      -10.379434   -1.234364    1.112502 
     27          6           0      -11.326855   -0.292406    0.706474 
     28          6           0      -10.901449    0.915926    0.150687 
     29          6           0       -9.540591    1.179350    0.003624 




     30          6           0        2.841288   -1.405684   -0.494045 
     31          6           0        4.215469   -1.214442   -0.445157 
     32          6           0        4.770573    0.077117   -0.395518 
     33          6           0        3.884913    1.169411   -0.428971 
     34          6           0        2.508222    0.984280   -0.457397 
     35          6           0        6.246798    0.293671   -0.386711 
     36          6           0        6.734512    1.318188   -1.360939 
     37          6           0        7.084752   -0.386474    0.453007 
     38          6           0        6.586145   -1.195534    1.606083 
     39          6           0        8.570392   -0.370200    0.294148 
     40          6           0        6.312313    1.288537   -2.701695 
     41          6           0        6.743000    2.254691   -3.609709 
     42          6           0        7.588308    3.284437   -3.191333 
     43          6           0        7.999583    3.338148   -1.858139 
     44          6           0        7.577714    2.365409   -0.953083 
     45          6           0        5.664381   -0.664610    2.524538 
     46          6           0        5.228203   -1.415297    3.615300 
     47          6           0        5.703054   -2.713652    3.810167 
     48          6           0        6.627921   -3.251129    2.912059 
     49          6           0        7.073794   -2.495715    1.829016 
     50          6           0        9.173720   -0.627837   -0.948660 
     51          6           0       10.561216   -0.648899   -1.079533 
     52          6           0       11.376204   -0.409235    0.028607 
     53          6           0       10.791544   -0.160409    1.272112 
     54          6           0        9.404102   -0.153255    1.405585 
     55          6           0       -0.032559    1.206068    1.095351 
     56          7           0        0.230286    2.007221    1.898489 
     57          6           0        0.085696   -1.688249   -1.263056 
     58          7           0       -0.159187   -2.651455   -1.869960 
     59          1           0       -1.936881   -0.388377   -2.095706 
     60          1           0       -4.364712   -0.645503   -2.247378 
     61          1           0       -4.742971    0.313900    1.923995 
     62          1           0       -2.306908    0.545290    2.094645 
     63          1           0       -8.041004   -0.545837   -2.314499 
     64          1           0       -8.688858   -2.563148   -3.587566 
     65          1           0       -7.677930   -4.769118   -3.033875 
     66          1           0       -5.993473   -4.925319   -1.207763 
     67          1           0       -5.329129   -2.901987    0.043617 
     68          1           0       -7.761318    1.711910    2.616117 
     69          1           0       -7.109386    3.953666    3.430155 
     70          1           0       -5.717697    5.444974    2.004440 
     71          1           0       -4.986620    4.665799   -0.243048 
     72          1           0       -5.615920    2.411269   -1.040084 
     73          1           0       -8.288617   -1.712941    1.272211 
     74          1           0      -10.699353   -2.172359    1.558690 
     75          1           0      -12.387473   -0.495133    0.828990 
     76          1           0      -11.630292    1.658162   -0.164382 
     77          1           0       -9.216507    2.127109   -0.416953 
     78          1           0        2.444725   -2.415239   -0.544880 
     79          1           0        4.873734   -2.076783   -0.450532 




     80          1           0        4.283671    2.179166   -0.434968 
     81          1           0        1.860242    1.852797   -0.490490 
     82          1           0        5.646867    0.496007   -3.033036 
     83          1           0        6.414231    2.205130   -4.644533 
     84          1           0        7.918359    4.042117   -3.896979 
     85          1           0        8.647891    4.141927   -1.519197 
     86          1           0        7.900581    2.413488    0.082257 
     87          1           0        5.293787    0.345754    2.381761 
     88          1           0        4.518886   -0.982369    4.315670 
     89          1           0        5.361024   -3.299442    4.659179 
     90          1           0        7.007037   -4.259322    3.057546 
     91          1           0        7.803228   -2.914672    1.141491 
     92          1           0        8.546386   -0.815690   -1.814299 
     93          1           0       11.006177   -0.856613   -2.049147 
     94          1           0       12.457967   -0.423391   -0.074444 
     95          1           0       11.416779    0.023112    2.142045 
     96          1           0        8.956031    0.027358    2.378603 
 ---------------------------------------------------------------------------- 
 
 Dinitrile 4Z 
SCF Done:  E(RB3LYP) =  -2266.24631214     A.U. 
------------------------------------------------------------------------------------- 
 Center     Atomic      Atomic             Coordinates (Angstroms) 
 Number     Number       Type             X           Y           Z 
 ------------------------------------------------------------------------------------ 
      1          6           0        0.663689    4.228169    0.178415 
      2          6           0        1.556392    3.050484    0.305037 
      3          6           0       -0.663704    4.228095   -0.179762 
      4          6           0       -1.556376    3.050341   -0.305994 
      5          6           0        1.493783    1.976177   -0.600529 
      6          6           0        2.376188    0.909188   -0.496719 
      7          6           0        3.355340    0.864206    0.513736 
      8          6           0        3.405055    1.936087    1.422528 
      9          6           0        2.540603    3.018755    1.308071 
     10          6           0       -2.540484    3.018179   -1.309114 
     11          6           0       -3.404894    1.935440   -1.423213 
     12          6           0       -3.355247    0.863939   -0.513969 
     13          6           0       -2.376204    0.909361    0.496567 
     14          6           0       -1.493830    1.976413    0.600022 
     15          6           0        4.279198   -0.298526    0.661466 
     16          6           0        4.421908   -0.805052    2.061793 
     17          6           0        4.950868   -0.850045   -0.394179 
     18          6           0        5.032078   -0.189361   -1.732034 
     19          6           0        5.667629   -2.157537   -0.296565 
     20          6           0        5.044093   -3.292530    0.249448 
     21          6           0        5.707464   -4.517158    0.302765 
     22          6           0        7.010428   -4.633348   -0.185539 
     23          6           0        7.640096   -3.516682   -0.739298 




     24          6           0        6.971381   -2.295509   -0.805192 
     25          6           0        5.414784    1.156847   -1.859110 
     26          6           0        5.515290    1.756879   -3.113547 
     27          6           0        5.233939    1.024018   -4.268053 
     28          6           0        4.863956   -0.318379   -4.158606 
     29          6           0        4.775998   -0.921494   -2.905216 
     30          6           0        5.687749   -0.977342    2.646277 
     31          6           0        5.813775   -1.412686    3.964713 
     32          6           0        4.676568   -1.686723    4.726888 
     33          6           0        3.411261   -1.511819    4.162540 
     34          6           0        3.285852   -1.065401    2.847912 
     35          6           0       -4.279067   -0.298874   -0.661327 
     36          6           0       -4.421463   -0.806088   -2.061437 
     37          6           0       -4.950953   -0.849891    0.394438 
     38          6           0       -5.032416   -0.188593    1.731977 
     39          6           0       -5.667763   -2.157388    0.297270 
     40          6           0       -3.285224   -1.066780   -2.847178 
     41          6           0       -3.410325   -1.513869   -4.161606 
     42          6           0       -4.675503   -1.689122   -4.726139 
     43          6           0       -5.812887   -1.414760   -3.964349 
     44          6           0       -5.687169   -0.978740   -2.646106 
     45          6           0       -4.776521   -0.920190    2.905534 
     46          6           0       -4.864719   -0.316511    4.158635 
     47          6           0       -5.234766    1.025924    4.267409 
     48          6           0       -5.515937    1.758254    3.112524 
     49          6           0       -5.415187    1.157658    1.858375 
     50          6           0       -5.044198   -3.292657   -0.248134 
     51          6           0       -5.707639   -4.517265   -0.301038 
     52          6           0       -7.010702   -4.633159    0.187073 
     53          6           0       -7.640401   -3.516211    0.740228 
     54          6           0       -6.971619   -2.295053    0.805715 
     55          6           0        1.298581    5.491848    0.431035 
     56          7           0        1.858670    6.486393    0.660155 
     57          6           0       -1.298639    5.491668   -0.432796 
     58          7           0       -1.858773    6.486114   -0.662239 
     59          1           0        0.756537    1.984184   -1.395959 
     60          1           0        2.314566    0.096541   -1.212773 
     61          1           0        4.141057    1.924302    2.220565 
     62          1           0        2.623995    3.847417    2.005286 
     63          1           0       -2.623823    3.846553   -2.006678 
     64          1           0       -4.140812    1.923301   -2.221323 
     65          1           0       -2.314637    0.097011    1.212963 
     66          1           0       -0.756656    1.984765    1.395516 
     67          1           0        4.031344   -3.209580    0.631006 
     68          1           0        5.203537   -5.383214    0.723805 
     69          1           0        7.528308   -5.587724   -0.141453 
     70          1           0        8.652690   -3.597189   -1.125935 
     71          1           0        7.462523   -1.434224   -1.249076 
     72          1           0        5.639072    1.732034   -0.966041 
     73          1           0        5.817950    2.797963   -3.188184 




     74          1           0        5.310312    1.492618   -5.245508 
     75          1           0        4.648451   -0.899210   -5.051685 
     76          1           0        4.500335   -1.969559   -2.828106 
     77          1           0        6.575955   -0.764728    2.059405 
     78          1           0        6.803071   -1.533875    4.398053 
     79          1           0        4.775072   -2.027296    5.754099 
     80          1           0        2.519476   -1.719197    4.748335 
     81          1           0        2.297716   -0.921578    2.419230 
     82          1           0       -2.297188   -0.922695   -2.418353 
     83          1           0       -2.518403   -1.721499   -4.747103 
     84          1           0       -4.773766   -2.030220   -5.753199 
     85          1           0       -6.802083   -1.536219   -4.397840 
     86          1           0       -6.575514   -0.765879   -2.059534 
     87          1           0       -4.500816   -1.968282    2.828943 
     88          1           0       -4.649353   -0.896930    5.052015 
     89          1           0       -5.311326    1.494961    5.244640 
     90          1           0       -5.818644    2.799362    3.186636 
     91          1           0       -5.639328    1.732436    0.965005 
     92          1           0       -4.031376   -3.209935   -0.629551 
     93          1           0       -5.203691   -5.383536   -0.721609 
     94          1           0       -7.528634   -5.587521    0.143305 
     95          1           0       -8.653072   -3.596482    1.126714 
     96          1           0       -7.462786   -1.433542    1.249133 
 --------------------------------------------------------------------------------- 
 
 Dinitrile 8E 
SCF Done:  E(RB3LYP) =  -2263.24649509     A.U. 
------------------------------------------------------------------------------- 
 Center     Atomic      Atomic             Coordinates (Angstroms) 
 Number     Number       Type             X           Y           Z 
 ------------------------------------------------------------------------------ 
      1          6           0       -0.442503    0.125711   -0.648460 
      2          6           0       -1.919488   -0.072245   -0.571063 
      3          6           0        0.490376   -0.729729   -0.109351 
      4          6           0        1.968506   -0.662382   -0.186800 
      5          6           0        2.804183   -1.841395   -0.363250 
      6          6           0        4.177516   -1.815421   -0.361347 
      7          6           0        4.805567   -0.620982   -0.184834 
      8          6           0        3.977156    0.622246   -0.009570 
      9          6           0        2.572871    0.566051    0.009898 
     10          6           0        6.252268   -0.551347   -0.075792 
     11          6           0        7.035188   -1.879117   -0.297510 
     12          6           0        6.837392    0.669503    0.236966 
     13          6           0        6.022182    1.903359    0.365037 
     14          6           0        8.332044    0.699672    0.404830 
     15          6           0        7.296440   -2.875504   -1.630906 
     16          6           0        8.019806   -4.068184   -1.806317 
     17          6           0        8.588294   -4.337473   -0.695793 




     18          6           0        8.378202   -3.357118    0.638724 
     19          6           0        7.607026   -2.163097    0.812264 
     20          6           0        6.669036    3.113906    0.544341 
     21          6           0        5.898038    4.339992    0.628205 
     22          6           0        4.495250    4.298621    0.463724 
     23          6           0        3.888066    3.133050    0.278007 
     24          6           0        4.647727    1.863102    0.216903 
     25          6           0        8.868661    1.266096    1.700927 
     26          6           0       10.259748    1.342491    1.874238 
     27          6           0       11.137329    0.811100    0.748956 
     28          6           0       10.564504    0.253946   -0.548122 
     29          6           0        9.223353    0.174040   -0.719468 
     30          6           0       -2.608600   -1.330237   -0.524944 
     31          6           0       -3.980716   -1.417338   -0.344440 
     32          6           0       -4.746139   -0.323452   -0.254202 
     33          6           0       -4.066206    0.954217   -0.387254 
     34          6           0       -2.661234    1.065921   -0.581088 
     35          6           0       -6.187956   -0.485001   -0.067328 
     36          6           0       -6.862047   -1.846365    0.109543 
     37          6           0       -6.914778    0.595391   -0.035531 
     38          6           0       -8.407824    0.439489    0.242744 
     39          6           0       -6.302159    1.909730   -0.202349 
     40          6           0       -6.622609   -2.882255    1.344320 
     41          6           0       -7.247700   -4.152184    1.478024 
     42          6           0       -8.066748   -4.409426    0.472455 
     43          6           0       -8.255504   -3.389556   -0.715323 
     44          6           0       -7.631665   -2.119052   -0.897334 
     45          6           0       -9.308598    1.019448   -0.844983 
     46          6           0      -10.698775    0.872385   -0.575662 
     47          6           0      -11.211577    0.200874    0.736537 
     48          6           0      -10.325335   -0.372005    1.777385 
     49          6           0       -8.934943   -0.228038    1.555899 
     50          6           0       -7.041774    3.022857   -0.119856 
     51          6           0       -6.417983    4.276627   -0.283795 
     52          6           0       -5.072786    4.464340   -0.525005 
     53          6           0       -4.278217    3.395517   -0.590000 
     54          6           0       -4.884742    2.097693   -0.378175 
     55          6           0        0.037220    1.289924   -1.368959 
     56          7           0        0.306751    2.309442   -2.005626 
     57          6           0        0.088125   -1.820388    0.638682 
     58          7           0       -0.200716   -2.756392    1.217696 
     59          1           0        2.321077   -2.812639   -0.488144 
     60          1           0        4.757251   -2.730598   -0.469435 
     61          1           0        1.937986    1.518560    0.204059 
     62          1           0        6.864315   -2.664497   -2.486176 
     63          1           0        8.200098   -4.829932   -2.833544 
     64          1           0        9.201156   -5.266624   -0.864422 
     65          1           0        8.804056   -3.566256    1.497636 
     66          1           0        7.424625   -1.397499    1.836075 
     67          1           0        7.751797    3.149116    0.669680 




     68          1           0        6.417724    5.243641    0.810096 
     69          1           0        3.923518    5.219195    0.539159 
     70          1           0        2.807799    3.128099    0.135810 
     71          1           0        8.216173    1.689588    2.578071 
     72          1           0       10.685266    1.771449    2.911109 
     73          1           0       12.220915    0.870965    0.904569 
     74          1           0       11.261612   -0.163832   -1.430081 
     75          1           0        8.793758   -0.255271   -1.753188 
     76          1           0       -2.028475   -2.179485   -0.592968 
     77          1           0       -4.452132   -2.388244   -0.291588 
     78          1           0       -2.166713    2.028661   -0.637242 
     79          1           0       -5.999263   -2.670373    2.094611 
     80          1           0       -7.072025   -4.922923    2.429829 
     81          1           0       -8.514043   -5.398807    0.619650 
     82          1           0       -8.871548   -3.599383   -1.520231 
     83          1           0       -7.802823   -1.345662   -1.846603 
     84          1           0       -8.935434    1.590344   -1.850389 
     85          1           0      -11.402550    1.315023   -1.430566 
     86          1           0      -12.294354    0.075627    0.941550 
     87          1           0      -10.693634   -0.887886    2.837213 
     88          1           0       -8.227181   -0.670507    2.407087 
     89          1           0       -8.117720    2.919163    0.056773 
     90          1           0       -7.045610    5.152489   -0.243387 
     91          1           0       -4.564318    5.447805   -0.711358 
     92          1           0       -3.204360    3.531299   -0.750937 
 ---------------------------------------------------------------------------- 
 Dinitrile 8Z 
SCF Done:  E(RB3LYP) =  -2263.95980662     A.U. 
------------------------------------------------------------------------------------ 
 Center     Atomic      Atomic             Coordinates (Angstroms) 
 Number     Number       Type             X           Y           Z 
 ----------------------------------------------------------------------------------- 
      1          6           0        0.681082    4.427764   -0.084455 
      2          6           0        1.569615    3.237736   -0.077587 
      3          6           0       -0.681250    4.427754    0.084089 
      4          6           0       -1.569809    3.237744    0.077233 
      5          6           0        1.405966    2.233400    0.870747 
      6          6           0        2.267215    1.120059    0.941983 
      7          6           0        3.335182    1.022937    0.000833 
      8          6           0        3.498589    2.064202   -0.946925 
      9          6           0        2.650858    3.150316   -0.983842 
     10          6           0       -2.651391    3.150654    0.983128 
     11          6           0       -3.499134    2.064554    0.946266 
     12          6           0       -3.335432    1.022977   -0.001102 
     13          6           0       -2.267186    1.119803   -0.941957 
     14          6           0       -1.405890    2.233112   -0.870744 
     15          6           0        4.253368   -0.097053    0.050027 
     16          6           0        5.352960   -0.171432   -0.966098 
     17          6           0        4.123870   -1.059884    1.026170 
     18          6           0        5.088082   -2.204889    1.100073 




     19          6           0        3.042111   -0.993709    1.992528 
     20          6           0        2.108056    0.082947    1.951282 
     21          6           0        1.056265    0.098841    2.896438 
     22          6           0        0.922687   -0.895389    3.847149 
     23          6           0        1.840171   -1.958594    3.884640 
     24          6           0        2.875392   -2.004979    2.971478 
     25          6           0        5.010638   -3.269718    0.191708 
     26          6           0        5.906992   -4.336451    0.266704 
     27          6           0        6.895002   -4.355583    1.252293 
     28          6           0        6.979274   -3.302722    2.165175 
     29          6           0        6.080540   -2.237998    2.091487 
     30          6           0        6.671313    0.163825   -0.627423 
     31          6           0        7.689095    0.102920   -1.580125 
     32          6           0        7.404350   -0.292786   -2.887875 
     33          6           0        6.094532   -0.625155   -3.238275 
     34          6           0        5.077175   -0.561388   -2.285530 
     35          6           0       -4.253617   -0.097021   -0.050221 
     36          6           0       -5.353332   -0.171235    0.965767 
     37          6           0       -4.123895   -1.060085   -1.026116 
     38          6           0       -3.041960   -0.994116   -1.992281 
     39          6           0       -5.087919   -2.205274   -1.099808 
     40          6           0       -6.671661    0.163933    0.626926 
     41          6           0       -7.689535    0.103149    1.579539 
     42          6           0       -7.404913   -0.292373    2.887368 
     43          6           0       -6.095119   -0.624672    3.237938 
     44          6           0       -5.077673   -0.561009    2.285289 
     45          6           0       -2.875150   -2.005516   -2.971085 
     46          6           0       -1.839721   -1.959356   -3.884022 
     47          6           0       -0.922108   -0.896263   -3.846437 
     48          6           0       -1.055803    0.098113   -2.895896 
     49          6           0       -2.107827    0.082470   -1.950997 
     50          6           0       -5.009991   -3.270064   -0.191435 
     51          6           0       -5.906080   -4.337036   -0.266211 
     52          6           0       -6.894271   -4.356469   -1.251612 
     53          6           0       -6.978996   -3.303668   -2.164521 
     54          6           0       -6.080538   -2.238692   -2.091041 
     55          6           0       -1.355680    5.684606    0.250326 
     56          7           0       -1.949998    6.673613    0.404887 
     57          6           0        1.355518    5.684607   -0.250712 
     58          7           0        1.949841    6.673610   -0.405283 
     59          1           0        0.598831    2.334315    1.584583 
     60          1           0        4.321457    2.010395   -1.649862 
     61          1           0        2.814612    3.943128   -1.707723 
     62          1           0       -2.815393    3.943717    1.706674 
     63          1           0       -4.322238    2.010985    1.648945 
     64          1           0       -0.598513    2.333753   -1.584337 
     65          1           0        0.326125    0.900099    2.882228 
     66          1           0        0.104253   -0.853894    4.560611 
     67          1           0        1.734482   -2.746294    4.625492 
     68          1           0        3.575174   -2.832051    2.995826 




     69          1           0        4.243764   -3.258439   -0.577470 
     70          1           0        5.832707   -5.152846   -0.446850 
     71          1           0        7.594302   -5.185418    1.309263 
     72          1           0        7.745605   -3.308471    2.935895 
     73          1           0        6.146961   -1.421225    2.805723 
     74          1           0        6.897963    0.472790    0.388981 
     75          1           0        8.705372    0.366233   -1.299184 
     76          1           0        8.197308   -0.340883   -3.629316 
     77          1           0        5.863278   -0.935121   -4.254065 
     78          1           0        4.057852   -0.818864   -2.562304 
     79          1           0       -6.898217    0.472767   -0.389539 
     80          1           0       -8.705787    0.366401    1.298452 
     81          1           0       -8.197942   -0.340386    3.628739 
     82          1           0       -5.863959   -0.934501    4.253791 
     83          1           0       -4.058375   -0.818448    2.562191 
     84          1           0       -3.575039   -2.832494   -2.995516 
     85          1           0       -1.733977   -2.747139   -4.624778 
     86          1           0       -0.103489   -0.854964   -4.559698 
     87          1           0       -0.325582    0.899297   -2.881625 
     88          1           0       -4.242975   -3.258544    0.577598 
     89          1           0       -5.831440   -5.153384    0.447361 
     90          1           0       -7.593352   -5.186499   -1.308425 
     91          1           0       -7.745468   -3.309659   -2.935100 


































1. Concluding Remarks 
 
From the work on the aggregation control of phthalocyanines, dinitriles and 
tetraazaporphyrins and its relationship with their electronic properties, we can conclude the 
following: 
In Chapter 2, tetrakis(pyridine-3-yloxy)phthalocyanine complexes of Co(II) and Fe(II) 
could be synthesized via a metal template reaction of the precursor phthalonitrile, followed 
by methylation of the pyridyl groups to yield water-soluble Pcs in good yields. These 
macrocycles dimerize in aqueous solution, and their aggregation equilibria are dependent on 
the solution pH and presence of additives such as cyclodextrin and organic solvents. 
Quaternization of the pyridyl groups not only increased the Pc solubility in water but also 
induced significant anodic shifts to the central metal redox potentials, which is desirable for 
catalytic purposes. All investigated Pcs showed catalytic activity for the ORR, with the best 
results being obtained for the Fe(II) complexes. In acidic pHs, the ORR reaction proceeded at 
very anodic potentials while in alkaline medium a mixed 2+2 electron mechanism was 
suggested, leading to the formation of peroxide and water as the main products. 
In Chapter 3, the relationship between chemical structure, aggregation and fluorescence 
response was analyzed for a series of 4-pyridyl substituted water soluble phthalocyanines. 
Investigation of the dimerization equilibrium of this series of Pcs in water/methanol mixtures 
allowed us to establish a simple but effective way of quantifying their aggregation tendency 
in solution through calculation of the IM values. It can be concluded that the aggregation 
tendency of the cationic Pcs is strictly related to the nature of the bridging atom between the 
pyridyl and Pc rings (O < S) and the central metal ion (Zn < Cu ≦ Ni, Pd), while no 
significant changes were observed for different alkylating groups. Thus, the alkyl chain 
length could be used to control the Pc amphiphilicity without affecting the electronic 
properties. Finally, an excellent relationship between the fluorescence quantum yield and the 
monomer absorbance was observed for all of the Pcs, representing concrete evidence that 
aggregation is the mechanism for fluorescence quenching in solution.  
In Chapter 4, pure E and Z stereoisomers of dinitriles substituted with the AIE-active 
moieties TPE and DPP were synthesized and isolated through conventional purification 
procedures. The dinitriles showed AIEE behavior in THF/water mixtures with high F values 
in the solid state (ca. 50%). The TPE dinitriles showed improved AIE effect and chromic 
responses compared to the DPP analogues, indicating that a larger number of phenyl rotors in 
the molecule is important for improved photophysical behavior. Differences in the 




isomerization kinetics and thermodynamic stability of each steroisomer of these 
chromophores were also observed. From the Z form of each dinitrile, the respective free-base 
and Zn(II)TAPs could be obtained in moderate yield, and their absorption and fluorescence 
properties were investigated. In solution, only the emission from the macrocycle was 
observed, which lies in the NIR region and is quenched upon aggregation and in the solid 
state. This behavior was explained through a donor-acceptor model that suggests an 
electronic communication between the AIE-active moieties and the TAP ring. 
These results clearly show the relationship between structural modification, aggregation 
and electronic properties in both ACQ- and AIE-type chromophores. For Pcs, several 
structural modifications can be used to avoid or induce aggregation depending on the desired 
responses for each application. For AIEgens, aggregation is the key step for triggering the 
emissive decay of their excited states, while molecular modification can be used to control 
the emission energy as well as the degree of enhancement.          
As a final remark, we expect that this work can shed light on the route for designing 
chromophores with improved physicochemical properties aimed at applications in both 
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